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‘neering naturally, is also felt in the engineering 
_ schools. In this paper there is examined the influence | of the computer on 


(b) research, and (c) relations with engineering practice. 


The interest and attention of cagineers in recent years have ‘been caught. 


speed and with | nearly complete relief from tedious repetitive calcu- 
lations. It is little wonder then that this machine, the modern electronic com 
puter, is having a great influence on the engineering profession. _ This pape 
covers but a | single and particular aspect of this influence—the impact of th 
electronic on engineering education. While the influence com 
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‘this appraisal is not so much a matter of recording known progress to date as a 
i. is one of speculation on the future. . It is an attempt, limited by one’s flair 
ia for philosophy and prophecy, to define some of the more apparent emerging ae 
 protlesta and, where possible, to consider how to meet them with at least a — 
= skeletal policy of procedure. - The ‘University has played a uniquely important 
BS role in the invention a and development of the electronic computer. Today the 
2 ‘University finds itself in the position of being forced to respond to the pro- 


found effects of this machine, and it is rightly concerned that its 
geared to the demands of the future. 


for ron this new skill a and industry it has spawned require an adjustment of tradi- . 
tional operations. - Both of these motives | are reflected in practically every Ral * 
a University y function. The various facets of — will be 
grouped arbitrarily into five areas of concern; 


ry 


1. 


It: will be readily apparent that some of ‘the things to be discussed will fall 
well under several of these subdivisions. The present discussion is” 


restricted to ‘digital computers, or 
stored- digital While most of is to be understood whenever the 


ay "Because o of the ‘many philosophical dilemmas which arise, curricular — 
will require the largest share of attention. . The overriding question 
; | Concerning curricular policy would seem to be a decision as to whether major 
&g _ emphasis shall be placed on educating users of computing equipment or de- 
j signers of computing equipment. , Since the number of users is certain to sur-_ 
4 pass enormously the number of designers, the direction is clearly in favor of 
the: former. What is required is more fundamental education for imaginative ie 
use of computers and less attention to detailed design of actual 
hardware. The computer is essentially a tool, and the teaching of the use of 
tools most remain subordinated to the teaching of principles . This: fact alone 
_ sets a limit on how much can and should be done in teaching computer tee _ 
'oe is not the duty of the University to roduce finished specialists in com- — 
y y top 


puter design, although a few institutions with the specialized facilities and — i 


% faculty may find this to be a stimulating side-interest. Rather, those under- = 
> graduate students interested in design and manufacture of computers should 
be provided with a general fundamental program in electronics, solid- -state 
physics, high-speed circuitry and switching theory, mathematical and 
number theory, and other subjects necessary to technical competence. But 


a program should be the idea that in design c can 


— 
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— 
= irom structural engineering, it is hoped that the viewpoints so limited will jim 
apply or at least afford extrapolation to engineering —— 
ah. 
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be acquired by those who wish it by later experience in the computer industry. e 
addition, the student should be given two 


in design of computers, 


@ an opportunity ‘become wi with users and | users’ problems. 


There is no to add any new course the curriculum. A 
a ‘reorientation of subject matter within the present framework of formal tech- ig 
: - nical courses should be sufficient, and in fact , much of what is required is al- ¥ 

ready available. is “suggested here is a judicious pruning of course ma- 4 

_ terial to make room for new concepts and for firming up of fundamental ideas * 
2 underlying computer design. Furthermore, whatever is taught that is es-_ 
“pecially useful to computer designers s should be, at the same time, sufficiently f 
general for wide applicability to other allied interests. 
ran — this sense, the needs of the computer user are not really contrary to 
nm! those of the designer. To be sure, the potential designer must | have much 
- more specific technical information than the user, but for both, the general 
 _—_ holds true: a healthy breadth of scientific understanding fitting _ 
field of study, with computer incorporated as sidelights 


program for the user should be a shift in 1 the attitudes of the teaching staff. 
mat As many professors as possible should inform themselves of the potentiali- 
te of computers, and and this knowledge cannot | help but have a natural and bene- 
i ficial effect on the ma material taught and the manner in which itis presented. _ 
viewpoint has been ably stated by Ss. Householder, 2 as follows: 


“---the important and lasting effect ---, the effect which it seems to me 


we Should | emphasize and encourage, is not to be. measured in terms 
the numbers of courses dealing directly with computers nor with the wis PS 
number of graduates who have had such courses. It is ‘rather to as 
measured in t terms of organization and accents exhi ited in the standard 
courses. More important than the number of. your graduates who can 


draw a flow chart is the number of your instructors who have had direct | 

utational e erience, even if on. a li ttle.” 
“ing, and other operational techniques is essentially vocational or job-training 
ee in nature, and is not academic nor particularly professional. It is therefore | 
‘e oF not desirable, although auxiliary short courses, seminars, | and colloquies out- — 
= side the regular program can be beneficial. On the other hand, in spite of -: 
4 already crowded curriculum, serious consideration should be given to the ad- 
dition on the undergraduate level of a thorough and demanding course devoted 
to numerical analysis, and this course should include, for maximum — 


ness, actual machine computation. Beyond this, the natural inquisitiveness of 


knowledgeable in computer use and by the opportunity for close personal con- 


good students stimulated by the encouragement and example of a faculty a 
tact with computers, should be all that is necessary. 


ae 
— 
- 
| basis ior future 
q ' 
— 
— 
_ by A. 5, Householder, Proc. of the First Conference on Training Personnel for the 


_ The unifying inking the ‘computer applications o 
fields of engineering is the universality of mathematics. Many educators fore- 
gee an unprecedented mathematization of pepnnering in coming years and are 
beginning to urge that undergraduate training in mathematics go well beyond 
: = the usual terminus of differential equations. “Such ar an improvement in general Bs 
mathematical scope and ability, a trend which is developing quite 
ly of the demands of usage, be of great benefit. However, — 

for example, that an adequate course in differential equations can be Limited 
me to solution of a few types of equations in closed form and ignore a systematic © a aa 
ae examination of numerical methods of solution for other types, those types that a 
ae may prove to be of the greatest interest and applicability for engi- — 
x neers. Certainly any increased mathematical instruction should give con- 
es siderably m more attention than at present is accorded to matrix algebra beyond» 
‘ the simple aspects of determinants taught in Freshman mathematics courses. 

coe some attention must be given to iteration or relaxation methods, not 


only applications but eapeciaily the underlying mathematical 


i sponse to give preference or at least equal aushadie in technical courses to 2 
_ those theories or methods" which lead to simultaneous equations. re- 
‘« sponse is particularly natural when the effort involved in writing the equations Br r 
FS is small. In fact, this begins to be the case. For example, it has been a fash- 
ion until recently in teaching structural theory to de- -emphasize, almost to 


exchasion, the method slope deflection i in favor. of ‘moment for 


tions. ‘But now, advent of machine has see seen the ‘slope 
- deflection method dusted off and ranked in importance on a par with moment 
an . And there is an extra dividend: a thorough treatment of slope 
deflection reveals its essential kinship with the classical analysis ‘method 
known as consistent deformation, the practical difference being largely 
= P anee one selects the loads or the deformations as the unknowns. A shift in ey 
accents si similar to that described, often with increased depth of understanding, 
possible in ‘most 
Even the principles underlying some of our classical theories will r require 
some re-examination in 1 the light of secondary problems that arise in com- _ 
puter solutions. A case in point is the recent increase of concern with ill- 
conditioned simultaneous equations, whose solution may go wildly erratic or 
divergent. At best, the solution may be so much in error as to render the 
; Solution either worthless for practical use or hardly worth the effort of pro- 
- gramming it for the computer. Special attention has been given to detecting 
such situations and predicting in advance of programming the magnitude of the 
error: to be expected.- 3 But beyond these purely mathematical consequences 
of ‘ill- -condition, it is natural to seek for deeper reasons within the theoretical — 
- physical approach itself that may have given rise to such equations in the first 
Again falling back on structural theory for example, a previous 
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practical reason that moment distribution usually allows great time-savings — 
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— 
if 
— 
| 
| 
| 
i Matrices,” by R. B. McCalley, Jr., presented at 


EDUCATION 
formations selected as the unknowns. ‘It 
- Southwell4 and others that Castigliano’s Method of Least Work may often re- an 
sult in ill-conditioned equations and yield answers whose unreliability is not ae 


fe _ The least-work method is a strain energy method which employs as" un-— 
_ knowns the forces inarbitrarily selected members and employs as coefficients _ 
‘the corresponding displacements. One might test for ill-condition by making 
small changes in the displacements and obser rving the resulting | changes in the 
: ~ forces, but deciding whether the changes are acceptable from a design view- 
point is always subject considerable uncertainty. the other hand, if 
- definite external forces are selected as the constant coefficients and the dis- 
“ placements as the wanted quantities, as in applying Rayleigh’s Principle = 
Minimum Potential Energy, it is extremely unlikely that ill-conditioned equa- - 
tions will result for a competently designed framework. For any unsuitable 
‘framework, ill-condition would be indicated by large changes in the displace- 
_ ments as a result of slight changes in the external loads. But in this case, it Ss 
is much easier to judge that the ‘displacements are unacceptable 
_ The example cited is quite typical in that the re-examination of ool 


aspects as described really does not involve the computer at all. Rather, the 


I pone has become an object of general concern largely through a wider ex - 
i perience w with complex systems, systems of a type seldom attacked before _ ; 
3 computers were available. _ This example is but one illustration of the sort of 
a revision of basic ic ideas that may be prompted by use of computers and of fan 
influence which certainly be reflected in the related subject 


computer on engineering key proposition is that 
a in curricula necessary to meet the needs of both designers and users 
of computers ‘Should be largely shifts of accent rather than addition of « courses 


uters shou 
_ directly concerned with computers. This reorientation will depend for maxi - 


ffecti d vitalit two thi 
. Emphasis on increased mathematical ability, p particularly in the direc- | 


2. Wider personal participation of teaching staff in machine computation. 


is not ‘the intention to discourage the addition of 
courses where necessary. That this need is rapidly becoming more urgent _ 
ad pe been apparent for some ee, and the digital computer is yet another 
_ pressure : in the si same direction. . From this viewpoint, reorientation of subject 4 


a matter r within: the present curricular framework is only a ae answer 


for increased in basic sciences, and yet. we wish to retain 
afl desirable technical and humanities courses. All this in four y years! 
_ The net result is a dilemma for the engineering curriculum planner. It is “ 
, high time that engineering educators give serious consideration to extending Be 
— _— the period of f undergraduate education. 2 Engineering is the only profession a 


‘tempting to educate in four years. The others--law, medicine, the ministry— <f 


4«Current Trends in Structural Research, oy Southwell, Research, Engrg. 
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‘require ‘six to ‘eight, exclusive At Cornell 


Ustvereity, where there is a five-year undergraduate program, some ten i “a 
years’ happy revealed that its a and far 


The second aspect of influence to be is re- 
search. - The teaching program of a } has natural ties to its 


oa ‘much of its enrichment. The computer is proving to be a versatile tool and 
ae is expanding tremendously the potential scope of research. Many — 
is come to mind. Complex and repetitive calculations formerly prohibitive in — 
terms of ¢ computation time are now handled with ease and rapidity. - This new > 
= has helped to bolster the quality and scope of graduate work, particu- 
larly research theses which often suffer in the ‘student’s attempt to meet a 
June deadline. There is no longer a any reason ‘for graduate students to elimi- ce 
~ nate interesting problems as thesis topics solely because of the prospect of 4 
too much computation. Large amounts of data may red quickly reduced to Fis 


__Indeed, the computer is especially beneficial i in It may may be 
used to ‘Simulate processes or equipment, , predicting their performance with- 
+ 
ever building the prototype. Many devices, such as jet engines and nuclear a 
reactors, may be designed through several preliminary phases 
= without costly prototype experiments. _ Machinery and structures may be op- eles 
‘s timized to find the best combination of possibly dozens of design variables in a 
-_ terms of final performance and cost. Optimizing by digital computer has been 
a boon in highly empirical situations where trial and error solution is manda- 
tory, where previously the limited number of trials economical ia manual 
computation gave low confidence levels in 
- Qne might go on citing example upon example, but these few are sufficient 
_ to show that the possibilities in research are limited only by the versatility .. ¥ 
the human mind. It is clear that a high premium is placed on intuition and 
understanding. The computer cannot formulate problems but only 
2: detailed logical instructions. The computer is no substitute for intelli- — 
¥ gence. It is unlikely, for example, that Gauss could have reached his con- 
clusions on normal distribution simply by feeding large amounts of data to £ 
computer and waiting for to appear. Competent, fundamentally- « 
bs trained persons are, as always, uniquely necessary to important research, but — 
their’ efforts can be advanced immeasurably by the modern computer. They 
Mie need not be computer experts, but should have more than passing awareness ~ 
computer capabilities and seek opportunities for personally 
their problems to the ‘computer. _ One danger must be mentioned: As J. - C. 


"Hetrick has noted,5 “a common reaction when computers are available is s to Bs 2 


“Panel Discussion on Manpower Needs Programs,’ ” by J. 
rick, Wayne Univ. Conference, as noted a Ret. da 


: he: 44 
7 
Smee or less work than ever before. Difficult theoretical problems 
approximated by simple mathematical models and so lead step by step to 
deep and detailed understanding. Experiments may be enlarged in scope and 
| 
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assume that all problems, and even all sections of: all | problems, must be 
Solved electronically.” ” In our present passion for computers, there is an un- 
desirable tendency for persons skilled in machine computation to look n 
upon their colleagues who have no such experience . This is an unfortunate at-_ 4 
must be remembered that there will always be those persons who 
- can make significant contributions irrespective of current fashions in scienti- a 
With the potentialities of the machine, -and with the imagination and dis- 
crimination the fundamentally - -educated | engineer, ) there is little doubt that 


me University, in addition to adjusting its curricular and research pro- 
rams, must look beyond these bounds to its relationship with engineering e 
ractice. _ The University should stand ready to help solve those computer 
ae for which consulting practice and industry are not equipped, although © 


s not “explicitly clear what form this help will take. coll > 


enefit to both industry and the University itself, especially as they allow in- 
“terchange of ideas. _ There should be a strong spirit of geniality on the part of 
both, and on the’ University’s part a readiness to communicate new ideas, with i 
Suggestions for their practical application, 
However, the relationship between University and engineering practice 
is ‘not entirely one - -sided. Industry, in its search for employees, is already i 
on beginning to place unwarranted emphasis on proficiency of graduates in com- z 
= puter design and use. It would be unwise for the University to give way to this ay 
_ Clamor for increased quality and quantity of users and designers by instituting if 
formal vocational courses in computer programming, coding, operation, and 
hardware building. It should insist that industry assume its fair share of 


- training of computer personnel, especially in those areas which may be os 
7 


_ garded as job-training, and for which industry is best equipped to give. | a 


~ 6 


‘There is another point at which the University must bee guard. While 


nates within the University, practicing engineers and rightly so, a 
"hel stronger voice in the final adoption of specifications. Practicing engineers — 
a have a large monetary investment in computer programs for design proce-_ if 
dures based on current specifications. There are well-founded fears that they _ 
* - may be exceedingly reluctant to see any changes that ' would devalue or elimi- 
«lt nate those programs» and require extensive revisions, the more so as their 
Fi competitive position is reduced. There is already enough inertia in translat- a 
: i ing research results into good design practice, and engineers ‘in both the 


_ University and everyday practice must cooperate to avoid this possible deter-_ q 


rent to progress. Many traditional methods of analysis and design based on 
™ overly- -simplified approximations will be gradually discarded in spite of a Be 
matural hesitancy to give up familiar procedures. In the words of Nathan 


Pa “A Revolution in Design Practice, ” by N. M. Newmark, Civil Engineering, May, 
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ril, 
we use computers, a - the gain in speed or 
"productivity, along with methods that are outmoded or at least inaccu-_ 
The next step is the development and use - 
Sak more accurate analytical procedures - But we must look forward even- _ 
oe to the development of more fully automated design nh techniques. ar j 
“This implies more ‘sophisticated design criteria and more “rationally 
oo design specifications. When that time comes it will certainly a 


‘Overly- -simplified methods have grown out of a desire the demands 
on the time and ability of the designer, but this is no longer a tenable reason | 
for retaining them in view of the speed and refinement possible with com- | 
™ puters. In fact, the increased computational ability with modern ‘computers 
> provides the University with considerable incentive to teach advanced analyti- 
m™ cal methods. The receptiveness of the profession to such refined and better. ites 
. _methods will be hastened largely by the efforts of the University in providing 


‘fundamental technical education and in producing, ‘thereby, competent and 
imaginative engineers spontaneously receptive to new ideas. 


_ Other areas within the University also have ‘felt the sited of the com- 


puter. While it is not the purpose of this paper to discuss the influence of 
_ computers on fields other than engineering, brief recognition ‘must be given to 
the: support and nourishment which engineering stands to receive from this — 
source. Engineers cannot afford to overlook or fail to encourage the recent 
advances and ‘prospects in machine translation of lang yma 


anguages, and in automated 


easing particularly troublesome tasks. “Of major importance is the recent 
: stimulation of applied mathematics, and especially numerical analysis. It was ee 
rz _ “Rot so long ago that the very term “numerical analysis” was a profanity in a 
‘ - mathematical circles, but now it is quite an acceptable endeavor for a mathe- a ele 
-matician . Important basic research applied mathematics is: under way. 
Much: attention has already been given to developing the laws which 
7 _ numerical analysis, since the use of discrete numbers throws out the tradi 
tional rules of algebra. Problems such as ill- condition, the distribution and i 


| propagation of errors, choice of numerical method, and choice of interval are - 
Bee: recognized by mathematicians as legitimate and intellectually satisfying be Es 
™ areas for investigation. There has grown up a healthy ebb and flow of — 
between engineering and applied ‘mathematics, and i in a sense, this 
‘ oe activity is a . return blessing, since many of the problems first 
appeared in engineers’ efforts at computer solution. In short, engineering 
education stands _to gain many benefits from this interchange’ a { computer 


One of the really effective media within the University for exchange o 
. ideas and abilities ‘among the staff is the computer center, which serves to — ae 
bring. together people of a of It is therefore pertinent 
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. F sible to all is preferable to several small facilities duplicated and maintained — 
by autonomous departments within the University. The computer should be 
easily” available to personnel from all University departments, not only to 
os professors and graduate students in carrying out their researches, but also to 
Va ta undergraduates as their interest and ability allows and to neighboring indus : 


™ ee ter should be ‘strictly educational in nature, helping users and providing c co - 
Sultation where necessary, but accepting no fundamental for 
tom solving problems without aegectetee participation of the user. _Itis the t user, in 


5 and is the best judge of its progress and satisfaction in solution. Full partici 4 
pation by the user may not be expeditious for large- -scale research programs 
_ or when demands on machine time approach 1 capacity, | but the computer center | 
~ should never be like a soft-drink machine where the consumer puts in his ; 
ey _ dime and takes out a bottle. , Such a purely accommodating service operation 
is not education nor will it stimulate new ideas. The delivery of computing > 
_ service must be secondary to academic objectives and, consistent with this 


concept, the University center should never encourage contracts for 


ee to schedule the paid work to the detriment of the equally important 7 
unpaid. The staffing and operation of a computer center and periodic acquisi- * 
¢ of improved machines raise serious financial problems beyond the = 


_ of this paper. No university can treat with indifference an initial expenditure 
of a half-million dollars and an annual budget of $50, 000. Nevertheless, any 


Ly financial arrangement must be consistent with the center’s function as 


invigorate the teaching staff. It is , most oo that a dominant educational 


au ‘been interesting to speculate on the influence which digital 
puters are having and will have on engineering education. Even these remarks “ji 
_ serve to show that it is one of the most generally significant revolutions ever — 
faced by In spite of the problems, financial, , operational, 


swe 
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— administration to insist that the computing center be self-supporting, any et 
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ig 
— q 
ingness to revise traditional thinking, of increased research potential, of deep 
renewed appreciation of fundamentals. Whether or not the suppositions — 
ae a , expressed herein stand the test of time, few persons would deny that engi- _ = 
neering education is being impelled into an era of genuine enrichment. 
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the United States were corrected for anemometer type and reduced toa 


‘ —-30- -ft elevation. The Fisher-Tippett Type I distribution was fitted, giving 0. 50, 

7 a 0.02, and 0.01 quantiles. Confidence intervals of 0.90 for the quantile isolines — 
4 _ anda nomogram fo for conversion of quantiles to desired el a are re developed. ; 


In a previous fag? the best available design variable, the annual extreme-_ 


wind speed is defined as the mile passage of wind with the 
-aday. This led to the basic-data series of annual extreme-fastest-mile wind — 
speeds which were found to lack homogeneity because of changes in anemome- 


elevations. This difficulty was overcome by reducing the annual extreme 
_ wind speeds by Hellmann’s one seventh power law, which was found to be suit-_ P 
able for such conversionby P. O. Huss.’ The conversion was made to a stand- 


afr ~~ Note, —Discussion open until September 1, 1960. To extend the closing date one - | 
month, a written request must be filed with the Executive Secretary, ASCE. This paper 
b is part of the copyrighted Journal of the Structural Division, Proceedings of the Ameri- 
Society of Civil Engineers, Vol. 86, No. ST 4, April, 1960. 
_-- &@ This study was supported, in part, by the Bureau of Public Roads, United States a, 
Chf. Climatologist, Office of Climatology, U. S. Weather Bur, 
= “Frequency of Maximum Wind Speeds,” by H . G. S. Thom, Proceedings, ASCE. 
3 “Relation between Gusts and Average Wind Speeds, P. O. Huss, Daniel — 
heim Inst., Akron, Ohio, Report No. 140, 1946, 
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-Tippett extreme- -value distribution wa 


interval R is given by the relalionshig 


= 


2, lo 


ay was shown how to solve these equations grughdesits. This method is i 


ous and satisfactory only for fitting one or a few distributions. — , Large-scale 
fitting problems suchas the one of concern here must be accomplished with the 
aidof electronic digital computers. The results of fitting _ mixed City Office _ 
and Airport Office data at Fort Wayne, Ind. areavailable.2 = 


Shortly after the 1954 paper? was completed, discussions with George 


| Malloy suggested that the wind regimes in the open country (airport setieme) 
might be quite different than downtown locations (city stations). A study of 


¥ 4 Boston, (Mass.) city office and airport data showed that the probability o of ex- 


ceeding 60 mph at the airport was twice that at the city | y office. This surprising | 
discovery threw doubt on the of previously furnished climatological 
series used in several studies ;4 5 however, there were no facilities avail- 


4“American Standard Building Code Requirements for Minimum Loads in 


Buildings and Other Amer. Asen., A58. 1- 1955, 


6 «Wind Pressures in Various Areas of the United States,” by G. 
ae of Standards, Bldg. Materials and Structures Report 152, 1959. ems er 
Statistics of Extremes,” E. J. Univ. 5, N w York, 


ard elevation of 30 ft as suggested by the Structures Committee. This gave a 
s reviewed and 4 
wi ies. Alt 
wind series. A 4 
probability paper for the distribution was developed anda method of plotting 
_ was shown. The method of maximum likelihood was applied to estimate the —_ ; 
parameters and y of the Type II distribution function 
— 
3 The differential equations for estimating and found to be 
— 
— 
— 
— 
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— 
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able at the time to study the matter further. “Recently the Bridge Division of 
’ ae Bureau of Public Roads, United States Department of Commerce, (BPR) 
provided the support necessary to make the present study. j= 
‘The present analysis h has” the advantage over previous work of an additional 4 
er or 9 yr of records at airport stations . These were processed separately 
os = office data. Corrections were made for anemometer type where 
ease ae data series were reduced to a standard 30-ft elevation by : 
‘Hellman ’s law. _ The city office data were processed in a similar manner for 
comparison purposes. Altogether 131 airport station records and 165 city 
4g station records were processed. Ten city station records, near large bodies - 
of water, were included with t the airport records in n order to adequately re- 
flect coastal conditions. This made a total of 141. open- stations with 


later the isotachs of wind are more reliable than the eceee record length 4 
might indicate because several stations contribute the establishment (of 

0. 02 speed for which the probability of being exceeded 
is 0.02) for city office versus airport stations are Shown in Fig. 1. py: Although: 

_ the 0.02 quantiles at city offices exceed the airport values at a few stations, fs 
es probably because of exposure or random sampling, the preponderance of air- 
port wind speeds are considerably greater than those for city offices. In fact, 

_ the weighted average of this quantilefor airports is ‘74.8 mph as contrasted to 

the city offices weighted average of 55.3 mph. ‘Thus at high quantiles, airport 

a speeds average about 20 mph faster than city offices. This is sufficient reason 
not only to strictly avoid mixing — and | city observations, but also to use = 


are assumed to comefrom any direction unless local conditions dictate other - i 
wise. conditions of exposure will b be cited | 


1954, showed nothing which would change method of E. 
_ pointed out? a fact which was not explicitly mentioned2 by the mie ca 
Eq. 5, to be presented subsequently, and the logarithmic scale on the abscissa a 
Fig. 3 of the 1954 paper? should have made it clear. _ This is that the Type 0 

_ distribution may be transformed to a Type I bya logarithmic transformation. 

% - ‘The fitting of logarithms of the wind speed was tried with J. Lieblein’s esti- 
x ys: procedure,® but the results were not satisfactory because the method, . 


at present, does not have the necessary tables to handle large subsamples. A 
very excellent and exhaustive discussion of distribution theory 
E. Anapol’skaia and ‘4.8. Gandin,? u using the writer’s 1954 paper? as 7 
basis, rederived the moments of the Type II distribution which were already 
well known, and then applied t these to fitting the distributions to Russian sta- 
tions. The efficiency of the m moment estimate for f is poor, and its use results, — 
eg effect, in discarding about 40% of the observations, a very undesirable prac- - 
7 vipa Baa Method of Analyzing Extreme Value Data,” Natl. Advisory Co Comm, for Aero., bi’: 


‘Washington, Tech. Note 3053,1954. 
ome “Metodika Opredeleniia Raschetnykh Skorostei Vetra dita Proektirovaniia Vetro-_ 
vykh Nagruzok na Stroitel’nye Sooruzheniia,” by L. E *skaia and L. S. es 

i Gidrologiia, No. 10, 1958, pp. 9-17, 
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facilities. ‘The Russian authors did not indicate familiar ity with rather 
_extensive work in the field of extreme- of the well- known R 
Since near '-optimum methods of fitting were already available, 2 Eqs. 3 and4 
‘logical series from the 141 open- country stations. This was accomplished us-__ 


q the electronic computer in an iteration procedure which gave | the 


re) 


WIND SPEED 


Y OFFI cE 


G. 1.- OFFICE Vs vs. AIRPORT FOR | 0. 02 WIND- SPEED QuANTILES 
ing 


B and y roots of Eqs. 3 and 4 toa a prescribed ac accuracy. yr The computer » was =! 
used on these to compute a series of quantiles among which were the 0.01 (100 


; a yr), 0.02 (50 yr), and the 0.50 quantiles (medians) (2 yr meanrecurrence inter- _ 


val winds). "These we were plotted on maps and analyzed with isolines’ whose a 
_ tervals are suitable for conversion to pressure. These are shown in Figs. 2, 


| 4 a i and 4. The particular quantiles were chosen because it was thought that the © 


-yr and 100- values might be directly suitable for y design problems 
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conditions affecting the extreme 
wind speeds, adjustments must be 


Speeds are for normal exposure 


where surface friction is 
relatively uniform for a fete 
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% while the ‘median was added to provide the means for obtaining any desired 
The 50-yr map is roughly comparable in recurrence interval to the 
maps of 40- -yr record extremes. The latter show con- 


In the 1954 paper,“ 2 


= any location on the maps. ‘The process is simply to locate the desired point ee ‘= 
on the 0.50 and 0. 0.02 maps, read off the wind | speeds, and plot them at 0. 50 and oo 
1 0. 02 = 0.98 on Fig. A straight line connecting these points gives 
Me complete distribution F from which any quantile may be read on the abscissa. 


eh Fig. 5 has been deliberately left without an example so that it may be used : 4 


3 more conveniently by the reader. It was impossible to make all three ame ; 
- absolutely consistent, however, they are close to being so. A check on esti- | 
_ mating the 0.01 quantile by this method, at a considerable number of arbitrary 
 latitude- -longitude intersections, showed discrepancies from the 0.01 mapof no d 
-more than 5 mph. If 100-yr, 50-yr or median values are needed, it is recom- 


that the map values always be used. 


.. Occasionally, a procedure which holds on the average for all stations is cs 
needed for obtaining other quantiles. This may be easily found as follows: 


the recipr cal f Eq. 1 gives 
g the reciprocal of Eq. 


yur 


because the e signs cancel. Since log for F near 1, it follows: 


q 
q 
4 
| 
because it corresponds to a particular and, in fact, is a quantile. This 
Dividing Eq. 7 by Eq. 6 yields the quantile 
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e right- -hand term, t 


urrence intervals, he 


Eq. 11 that. for large mean recurrence intervals two 
= @€=- in the ratio of their corresponding mean recurrence intervals raised to ae 


o: From anexamination of the 141 available values of y, the weighted average 
value was found to be about 9. For Rj = 50 and Rg = 100, the quantile ratio is 
. qa easily found, by Eq. 11, to be close to 1. 08. Hence the 100-yr quantile is 1. 08 a 
imes the 50-yr quantile. For Ry = 50 and Rg = 200, the ratio is close to 1. 16, a 
and the 200-yr windis about 1.16 times the 50-yr wind. Some indication of the 
= variability of y is given by the fact that it was found that 90% of the values of 
= e: lay between 5.5 and 15.5 and 10% between 6. 5 and 1 il. 1.5. Thus the = 
= XF100/F50 | will be between 1.05 and 1.13 for 90% of the samples and between 
.06 and 1.11 for 10% of the stations. 


- Occasionally design problems arise where it is desired to limit the risk Of 


failure eh a specific period after construction or installation. For example, fl 


where Pp is s the probability of exceeding the design value in the first nyr. ' 


in terms of mean recurrence int R, re- 


$f As an example, assume an installation that i is to conn n= 


recurrence interval R = 50. Then P3 = - (49/50)8 = - 0.94 = 0. 06 . On i 
other hand, suppose it is desired to make = 0.03, by Eq. 15, R= 
1/(1-0.99) = 100. the mean recurrence interval must 


& 
‘ tm: 
&§ g yr, the risk only occurs within this period. To determine the probability of al ae 
exceeding the design value the procedure is as follows: = 
It was seenearlier that F is the probability of the annual extreme wind 
not exceeding some design value. (Then, of course, 1 - F will be the proba- 
= bility of the speed exceeding that design value). Hence, the probability thatno = a 4 
extreme speed in an n-yr period will exceed the design value is Fn, 
— — 
7 a If P, is fixed in advance then R may be found by the inversion of Eq. 14 to be | oe | 4 
te 
Owever, it must remembered that n considers only the winc speed exceec 
the design value and does not consider the probabilities of other factors _ 


WIND 


age record of 15 yr, the relative frequency of winds below a 


in a binomial distribution _ 

ona ascale of u/15. In drawing isotachs four stations effect, used to 

gre ‘define the isotach at | a given point, that is, drawing proceeded by groups of four 4 
_ Stations in « order to obtain proper curvature. Hence, it is assumed that an iso- ol } 
_ tach, at any point, is approximately as accurate as a four -station mean. ‘4 The ii, 

7 <4 correlation between extreme winds in such groups of four was found to be near Rec 


ona scale of u/60. The 0. 90 confidence interval for the e probability 
F may be found by summing Eq. 21 such that 


0. 0.08 = 


95 = 


= ‘for the binomial gives nonparametric limits. _ These must be used, however, © 7 
because the exact distribution of u is not known. . In the above order, the con- a 
fidence intervals were found to be (0.39, 0.61), (0.94, 0.995) and (0.96, 0.998). 7 


3 "These have the following interpretation: If 7 is the true or population value of 
the meteor estimated by F, the confidence interval will include 7r with 0. 90 


a -_ Conversion to confidence values for the quantiles, as read from the Figs. 2, 
Th . <- and 4, is somewhat more complicated. One of two procedures may be fol- 
lowed: ‘The distribution curve F, for a particular location, may be drawn 
the graph paper of Fig. 5 usingthe 0.50 0.02 values read from the maps for 
that location, as discussed previously. Then the probability confidence values ats 
_ for the desired probability may be plotted and the quantile confidence limits a 
“read off directly from the F-line in miles per hour ; 
a _ The other method of obtaining confidence limits for the quantiles is to find - 
7 B and y fromthe quantiles x9 59 and x9.92 read from the maps at a chosen lo- 


— Approximate 0.90 conf the isotachs _ 
| 
& 
in determining the 
| 
a 
— 
| 


+ 0.69315(1/ 

Hence to obtain a quantile xf knowing Band from Eqs. 24 and 26, 


is only necessary | solve Eq. 25 for in giving 


The quantile confidence limit is then obtained from Eq. 27 by substituting 8 and = 
_-y and the corresponding probability confidence limits for F i a ee 

. Y For the average B, 45, and the average y, 9, substitution of the F inter 
3 into Eq. 27 gives the 0.90 confidence intervals for the 0.50, 0.02 , and 0.01 « quan- 
tiles (2 yr, 50 yr, and 100 yr mean recurrence intervals) as (45, 49), (61, a 


WIND CLIMATE AND ELEVATION CONVERSION 


present purposes extreme winds may be result of three meteoro- 

logical situations: extratropical cyclones, tropical cyclones, and thunderstorms. 
Tornadoes have not been considered in this study because there are no valid © 

“ ee of their extreme speeds. Furthermore, the probability of a tor- 


nado striking a single structure is extremely small. _ Extratropical cyclones © 
4 generally produce high winds during the winter ‘months because they are ener-— 
_ gized by the temperature contrasts between air masses. Such contrasts tend = 


to be larger during the colder months. ye Thunderstorms and tropical cyclones 
a are both convectionally driven and hence produce high winds « during thesummer 
x months. The West Coast, Great Lakes region, and mountainous areas usually te 
a have their extreme winds during the colder months due to extratropical a : 


clones. — The Gulf Coast and Atlantic Coast, as far north as Southern Maine, 


£ have experienced most extreme winds from tropical cyclones. The effect of 
og _ these storms often extends inland from 100 to 200 miles. The remainder of the 
United States experiences extreme winds largely from thunderstorms. 
type of storm accounts for over one third of _ extreme -wind situations in the 
_ aa isotach quantiles shownon the maps of of Figs. 2, 3, and 4 are for normal 4 ij 
conditions of exposure only. Such conditions prevail where the surface 
ae is relatively uniform for a fetchof about 25 miles. If the exposure is elevated, — 
subject to channeling of the wind, or other unusualor special conditions affect- 
= wind speed, suitable adjustments to the map values must be made. te 
be areas have a marked effect on extreme-wind speeds . Where | a lo da ; 
aa has unobstructed access to a large body of water, extreme winds may be. - 
_... mphor more greater than a short distance inland. The isotachs near large- a 
i. water bodies in Figs. 2, 3, and 4 have been drawn to reflect,as much as possi- 
ys ble, this effect of water. High winds in cyclones and near water tend to remain | 
. _ Steady over longer periods than for thunderstorms. They also tend to be much — . 
‘more widespread in a given situation and hence cause a, — al- 
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though damage to individual structures may not be greater tha ioe for thu thunde 


By Gust factors and pressure conversion will not be discussed in detail here 


oes since they have beenvery adequately treated. 6 Based on the ‘work of wom and 


ro 
 ° and 4 to give gust speeds. When the wind speed V is in miles per hour, the 
as velocity pressure in pounds per square foot, given by Brekke, 6 is 0.00256 v2 
for normal sea-level conditions. This applies over the greater part of the | 
United States, since elevation differences are not sufficient to affect the constant 


on surface friction, the type. of storm situation could little ‘difference. 
‘Huss? found that the one-seventh power law gave good approximations up to 
350 ft over land for the fastest mile for all quantiles having probabilities less 
than 0. 90. There is no evidence to indicate that it does not hold to ae levels" 


- fe Where z is the desired elevation in feet, V39 is wind-speed quantile at 30 ft in 


has been solved in n the nomogram of Fig. 6 . The nomogram may be easily 
understood by following the dotted lines from z = 215 ft to the curve, thence to ; 
the V,/V3Q9 scale, thence to V39 = 96 mph, and finally to the Vz scale to find 
the speed at 215 ft, Vo15. = 128 mph. — The nomogram may also be used in re-_ 
-_- verse to convert winds at higher levels to the 30-ft elevation. _ If this step is 
7 iam followed by a forward conversion step, the nomogram gives a means of con- 
from a given elevation to any other elevation. The nomogram should 
= be used for elevations below 30 ft as the. one-seventh power law is of doubt - yi 


ri BPR, oor recognized the need for and promoted this study, and who, yo 
2 technical discussions, helped guide the study into its present form. Sin-— 
cere thanks must also be extended to the meteorologists of some 300 first-_ § 
order Weather Bureau Stations, who took time from their busy s schedules to. A , 
tabulate the basic data. Gladys Crown and Maurice Kasinoff ‘processed these a 
= to final form. The latter also did all manual computations and worked the © 
model distribution problem for checking the electronic computer. G Barger, 
_ acting director of the National Weather Records Center at Asheville, N.C., _ 
aided immeasurably by expediting the collection of the data and performance 
of card punching and electronic-computer work. Especial thanks are due to _ 
R. L. Joiner and J. R. -Roddy for preparing the IBM 650 program and to Grady i 


— 

— 

— 
— 
— 

: 

— 

— 

annie 

ve 

— able pressure 
McKay for running the computation projec W.W. Buck, Jr.,forhis 
hanks are also offered to W. W. Buck, Jr., for 


- 
— 


— 


STRUCTURAL DIVISION 


Proceedings of the American Society of Civil Sait? 


EFFECT OF FLOOR SYSTE} 


rnoff, 1) M. . ASCE and William G. Mooney? 


for ‘the load of top chords of 
” single- span pony truss bridges has been developed by Edward C. Holt, Jr.,M. en 
7 ASCE. Ten model bridges were tested for failure to supplement this analysis. a 
S In Holt’s studies, the effect of floor- -system participation on the top-chord _ 
_ stresses” was neglected in both the analytical and experimental work. The 


eer of the floor system | relieves the stresses il in the bottom ‘chord and 


es. This paper presents the results of an analytical and ar ym study of — 
the effect of floor - -system participation on top- in pony truss 


For the experimental portion of the beg 4 floor r system was added to the 


compared. ‘This experimental work indicated that the stress- = 
es are increased by 2% or 3%, under normal working loads, due to the —_ of 


_ An analytical method is ; developed to calculate the increase in. top- -chord 


stresses due to floor-system participation. The analytical and experimental 


Note. .—Discussion open until September 1, 1960. “ae extend the | closing date one = 
on month, a written request must be filed with the Executive Secretary, ASCE. ‘This paper 
is part of the copyrighted Journal of the Structural Division, ~rempmamgn of ‘the — 
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_ Although the results of the tests apply only to a single- span pony truss bridg 
< - model with continuous stringers, these results can probably be extended to in- _ 
g clude full-scale bridges. It is concluded from the test results and cigne ell 
urements made on actual structures that the of floor -s 


s 


— on the stresses in the top chords of uniformly loaded, nee a span pony 
truss bridges. — This work is an extension of the pony truss project begun by 
_ Edward C. Holt, alas at The Pennsylvania State ‘University. . Holt’ s work dealt 

_with the buckling p problem of the top chordas acontinuous elastically- -restrained 

ume column and the evaluation of bending moments in the truss members re- 

sulting from the deflection of the transverse frames. 

; Je The effect of the floor system onthe stresses in truss members i is not con- 


sidered in common truss but, since the floor beams and 


havior under load of the bridge as a whole. Floor-system behavior under load 


q 
can be visualized in the following manner if the floor beams are initially re- 
Stringers and bottom chords elongate as the bridge deflects. 
Bais - Since the floor beams are actually quite flexible in the horizontal ae 
the initial tension imparted to the stringers by the deflection of the bridge will a 
be reduced when the floor beams are relaxed and allowed to deflect laterally. ag 
If the end floor beams are first released, the stringer tensile loads in the end Poe ut 
panel will be reduced by this relaxation, creating an unbalance in the stringer 
g tension in the panels adjacent to the next floor beam. In this manner, stringer | rs ron 
’ tension in each successive panel is reduced as the floor beams are relaxed in 5 es | 
turn until the entire system is balanced. floor-beam deflection will de- 
_ crease from the ends to the center of the bridge, where from symmetry the -_ 
EP deflection is zero . Correspondingly, the stringer tensile loads will increase E 
a in successive panels from ends to the center as the relaxation from lateral de- 


flection of the floor beams diminishes. | 


‘floor beams, their tensile load acts in a horizontal plane some distance above > 
: the centroid of the bottom chord. . Thus, the resultant of the combined bottom | 
zs ‘chord and stringer tensile stresses is also somewhat above the centroid of the 
ia] _ bottom chord, in effect decreasing the effective depth of the truss. This de- 

in the armof the internal resisting couple necessitates a ‘compensating 
increase in each force component of that couple; thus the top chord compres- 
¢ sive stress will increase as a result of floor-system participation. soul 

In a pony truss bridge the top chordis not laterally braced and consequently _ 
acts as a beam column that will fail by buckling at some critical load lessthan 
that required for compression failure when fully restrained against lateralde- 

flection. The increase, therefore, in top-chord stresses caused by floor - -system 
‘participation: may significantly reduce the factor of safety against | — 
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ticular panel must include whatever tension remains in the stringers after 
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PONY TRUSS BRIDGES 


importance of the increase in top chord stresses caused by floor - -system par- 

_ ticipation. For the experimental work covered in this report, the model pony > 
truss bridge erected for the buckling studies was: used. The model was adapt - 
:- a ed by the addition of continuous longitudinal stringers connected to the top flange - 
_ of the transverse floor beams. The experimental work consisted of load teste 
a a. on the model bridge both with and without stringers. In addition, the experi- - 


q 
to the behavior of “pony truss bridges with continuous longitudinal 
1 


3 


pony truss bridge in which a floor system that included ngtiadionl a 
was incorporated, and then repeating ~s test with the same load increments ie 
for the model bridge without stringers. ses 
Description of the Model. —The model used inthe experimental test-— 
- ing consisted of two Warren trusses ten panels in length connected by double- 
channel floor beams and simply supported on rollers at the end bearings. — 
_ Lateral bracing made of round bar stock was provided in the bottom plane of © co 


eac ch p: panel. The equivalent of longitudinal stringers added by clamping 


rectangular bars to the top eesti of the floor-beam channels. 


shapes. High strength bolts torqued to 110-ft lb with a cali-— 
_ brated wrench, together with heavy nuts and case- hardened washers, were used 
Ebi The model bridge wv was complete in all details except for the om omission of a an 
deck slab. The proportions of the model were approximately those of a — ” 
a: two-lane highway bridge of 200-ft span. To insure proper relative stiffness of 
- ~ the web members, the flanges of verticals and diagonals were reducedin width, | 
_ and holes were cut in the webs of the diagonals. The layout of the bridge = | 


details of members and joints are shown in Fig. . Fig. lh is a photograph of 
The incorporation of the longitudinal stringers into the floor system of the — 
‘model involved devising a clamp that would connect the stringer bars to the 
floor beams without allowing slippage as tensile loads developed. Because of 
lack of sufficient space between the floor -beam channels, a yoke clamping the — 
. _ stringers directly over thefloor-beam axis was not feasible. It was necessary 
7 4 instead to stagger the connecting clamps on either side of the axis. Holes — 
drilled through the top flanges of each floor -beam channel to accommodate the 
- clamp bolts. The position of the clamp with respect to the floor- beam axis 
are from panel to panel so that a “long” span was followed by a “short” 
span, , and, since the clamps were staggered across each floor beam, the se- 
quence for the inside stringers was opposite to that for the outside TT 
_ The details of the clamp arrangement are shown in Fig. 3. ae ot ee 
__ The size and number of stringers provided were based on ion average ‘ratio : 
of stringer | area to bottom < chord area in several representative pony truss 
— for which plans were available. Each stringer was continuous for the 
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continuity because the greatest lengthof bar available was 20 ft. Bending along ; 
_ the longitudinal axis of stringers occurred as the clamps were tightened be- 
_ cause of the slight downward slope of the top face of each floor - -beam channel | 
‘flange. However, this bending, which followed a sine wave pattern from panel 
to was effectively minimized the insertion of shims the 


FLOOR PLAN PLAN 


stations were spaced along the top chord of the west truss. 
. four gages each were also established o on the bottom chords « of both the east — 
and west trusses at the center of alternate pa panels. In the remaining panels’ . 
‘gage was placedon the top and bottom face of eachof the four longitudinal string- 
ers, , again at the center of the panel. In all, a total of 160 straingages was em- 
_ Ployed in obtaining the experimental data. The location of gage stations on the 
_ various members is shown in Fig. 4, while the pattern of individual gages at a 
_ stationfor eachtype of member is shown in Fig. 5. The switch boxes and —_ 
indicators used in taking the strain readings are shown in ‘Fig. 6. 
Loading Apparatus .—The bridge was loaded by 2 a system of hydraulic 
e working — a loading beam suspended over the longitudinal axis of the © 


» 
A 
An 
/_ 6=._ and stringers were measured with type A-1 SR-4 strain gages by means of a aes — 
_ Baldwin type L strain indicator. Each gage was connected toa four-pole switch 7 : _ 
: _ wired so as to break both sides of the active and the compensating circuits. ae 
/ § Two gage stations, each consisting of four symmetrically placed gages, were 7 a 
Be — 
A — 


"PONY TRUSS BRIDGES 

bridge from a rectangular frame at either 
end. bridge roller supports rested 
bottom transverse beam connecting the two 
columns of each end frame; thus, , the loading 
and the bridge formed a closed sys- 
and no reaction other than that due 
dead weight was transferred to the floor of 
The downward reaction of the hydraulic 
jacks was transferred to the floor beams by 
two intermediate sets of beams. The longi- 
tudinal “spanner” beams placed in alternate 
panels supported the jacks and transferred 
their loads to the transverse 
beams placedon top of each floor beam. The 
spreader beam, in turn, divided its load equal- 
oly between the two trusses, applying it to the 
floor beam 16 in. either side of the longi- x 
tudinal center line of the bridge. Grooved ‘a = 
cushion blocks and a roller pin were used at 
all load transfer points in this system. At _ —" 
_ panel point six the load was applied directly 4 
to the spreader beam by supporting the jack 
; on a pedestal. The position of the jacks on 
the Spanner beams was arranged so that auni- 
- formly distributed load could be applied 
the bridge. The arrangement of the jacks _ 
and of ae supporting system of spanner and ea 


Center Sect 


_ trolled by means of a strain gage dynamome- 
ter inserted between each h jacka and the loading 


applied to the bridge was cot con- 


IG. TRAIN. GAGE LOCATIONS: 


ders 4 3 in. long and 1 = in. in diameter, with four strain gages cemented at | 


equal intervals along the circumference. The four gages were connected in a 
= way that allowed direct reading of the average strain. A COV ering of beeswax 
and resin was applied tothe cells as protection for the  engee. A a. 
is shown ir in top of a jack | in Fig. 1 


a load-strain relation. A conversion factor of 53.096 Ib per micro-in. was ob- A 


| Testing Procedure.—After several preliminary | tests were conducted to in- ; 
sure satisfactory operation of the strain-measurement equipment, the bridge 4 
e a was tested both with and without stringers under the same loads for each case. = 
‘Three increments of uniformly distributed load were selected so that a gradu - > 
-*s increase in top-chord unit stress to a maximum of about 15,000 psi would 
- result. This upper limit was established as an estimated average value of 
working stress in top- -chord members of pony truss bridges. - Heavier loads — 
were not attempted because of the possibility « of slippage at the stringer con-— 
as as well as the undesirability of approaching the critical top chord | 
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4 
oad. Tt The panel point regprned for each increment are shown in Fig. 8. | a 


a from these panel point loads by use of the conversion factor mentioned p: pre- cs _ 


aa load increments were applied to the bridge inthe same manner for a 


PANEL POINT _ Loans 


by loading the jacks one at a time until the required strain read- 
_ a ing for each jack was attained. Several cycles were necessary to apply the 
_ desired load over the entire bridge because an increase in load on one jack 
Tea somewhat decrease the load on the other jacks. When t the a 
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‘strain: readings for each jack finally matched the desired pending, all gages 
were read, and the second load increment was applied inthe same manner. 4 
- After the third load increment had been applied and all gages had been read, tee. 
the load on the - jacks | was gradually released until no load remained on the e 
bridge. Then final zero readings for all gages were taken tocomplete the test. _ 
ae For the test conducted without stringers, all clamp connection bolts wre 
7 loosened and removed so that, although s still in place on topof the floor beams, . 
the stringer bars were entirely disconnected and thus would not affect the be- 
: havior of the bridge under load (Fig. 9). For the test with stringers, it was om 4 
3 necessary to impart sc some e small initial tensile strain | in each ‘Stringer — oe 
i First the clamp bolts connecting all four stringers to the floor beam at panel =, 
point five were securely tightened. Then each stringer was slightly 
4 _ iby pulling from one end with a lever inserted through a hole in the portion — 
the stringer overhanging the end floor beam. The tension required to impart 
A 1 or 2 micro-in. of strain in each stringer as read on the strain indicator was 
_ maintained with the levers | while t the clamp connection bolts on the floor beam 
"adjacent to the central panel | were tightened. | Then the levers were released 
and the procedure repeated for the next panel. — In this way, when all stringer i 
clamp connections were tightened, an approximately equal ¢ amount of initial — 
tensile strain existed the length of each 


PHBORETICAL ANALYSIS 


es in : 


For 
is: 


--system analysis that results in theoretical loads in the bottom: | 
chord and in the stringersfor eachpanel. 
-_— > 3 The calculation of the top-chord stresses in each panel, using the re- 


Br sultant of the theoretical bottom chord and stringer loads. , 
_ Floor-System Analysis .—The floor-system analysis was based on the follow- 1 
_ ing condition: In any particular panel, the change in length of the bottom chord © eo :. 
_ will equal the change in length of any stringer plus the change inthe difference 
in the deflections of the | at the point the in 
rs The following t basic equation can be weltten from this a 


=" in deflection of the adjacent floor beams. ‘The following subscripts denote cose + 
member to which the symbol pertains: denotes the bottom chord, repre-— 


ig outside stringer can be considered as the value of the 


reti deflections. . Each of these components can be expressed as functions a a 

either stringer tensile load or applied panel point load, anda set of sien : 

can then be written and solved for the unknown 


4 
7 
ot 
= 
=... predict the effect of floor-system participation on top-chord str 
| 
» 
- 
| 
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Lateral Deflection ‘Due to Bending. —The flexural the floor 
s under unbalanced stringer loads in adjacent panels was evaluated a 
means of the ‘conjugate-beam method. The floor beam was assumed as being _ 
_ hinged at the diaphragm connections on either end. The effective length was 
A taken as 39 in., the distance between the centroids of the bolts connecting the 


floor beam channels to the diaphragms on each end. The moment of inertia 


_ about the vertical axis of the floor beam channels was calculated to be 5.20 in. i. 


~ 


FIG. 9. —STRINGER CLAMPS DISCONNECTED 
A dais of elasticity for the steel of 29,500 ksi was } used. ‘The calculation — 


of flexural deflections for the points where the inside and outside stringers. a 
call 


4 in which F is the force exerted on the floor beam by the difference in stringer 
_ tensile load in the adjacent panels, and the subscripts o and i refer to the out- ; 7 


| 
4 
— 
— 
— 
— 
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bag _ Stringers are connected to thetop flanges of thefloor beam, , the tensile | string- 7 
er loads are eccentric with respect to the floor beam axis and, therefore,cre- _ 
. 2 ate some torsional rotation. The angular rotation 6 at a distance Lfrom the _ 
end of a member with rigidity K Gist toa torque can 


A torsional rigidity K of 0. 668 in.4 was determined, considering the web thick- j 


= =€=—_ ness of the two channels combined. For an effective floor beam lengthof 39 in “S 
er load of 3 in. the axis of twis al 


tro 


‘Fo 9. 883 


7.840 Fo + 30.263 F 


om The ‘change in angle of the bottom chord at | each point as the 

; bridge deflects under load will tend to rotate the floor beams at each joint. 

_ This rotation of the floor beam about an axis approximately intersecting the 

a af centroid of the bottom chord willresult in a lateral translation of the topflange * 
; os of the floor beam which can be calculated in terms of the panel point load by 
7 qu the elastic-weight method. The end floor beam will be rotated the same amount 
B as the change in angle of the ‘bottom chord at the end panel point, while the | 
floor beams will be rotated only one- ~half the total change in angle 


 ealeulated by multiplying the angular rotation of the floor beam by the distance 
between the of twist and the centroid of the which was esti- 


as 5 in. For a uniform panel. point load P, the difference in translation 
between adjacent floor beams was and following results were 


-0.4773 


-1.6761 
1.6444 al 


— 

rigidity of the floor-beam channels was calculated using an approximate formula - Pir. 


PONY TRUSS BRIDGES al 
where the subscript jr refers to the joint rotation of the floor -beam 


of floor - “beam deflection having been evaluated, these 


4 


The subscripts 1 f and t refer to the flexural and torsional components of floor-_ 


beam deflection respectively. For convenience, the component of floor-beam 
& deflection due to joint rotation, whichis a function of panel-point load, was con- 


a sidered as a correction to the left-hand side of Eq- 6. Thus all terms on the = 


only one of the floor system plan need be con- 


> 


0. 678 +18. 200(2 s3-s2-s4) 17.840(2 s°-s?-s4). . 


= 0.678 + 25.797(2 -So) + 42.737(2 S;- -§;-S; 


-S + 42.737(2 S4- (en) 


) + 17.840(S}-S;)........ 


og d, and a set of ten simultaneous equati 7 
4 sidered, and a | if d ly Numbers a 
al. - 0.678 + 15.200(2 + 17.840(2 st-s%) 
AL? - = 0.678 So + 15.200(2 + 1. 
- Adj, = 0.67 
- aa®. = 0.678 + 15,200( 


expressed directly a as the e difference i in stringer tensile loads in the » panels ad- 3 
jacent to the floor beams at both ends of the panel under consideration ae - 
final form of the expanding and arranging terms | 


+ 17.840 sj - 15 o 17.840 


797 s° 42. 737 si + 51.594 + + 86. 152 Sj - ~ 38. 797 - 42.737 
ad} «15200 - 17.840 8} + 91.078 Sp + 35.680 - 17. 


2 _ 15.200 st - 17,840 s! 


a panel-point and e values the ‘elongation of the 
:  pettoms chord in each panel, Eqs. 9 can be solved for the ten unknown stringer 
> oe loads. Cholesky’s method was adopted for the simultaneous solution a 
; € because the tabular setup facilitated machine computations. Furthermore, this 7" 
method wass extremely advantageous for multiple solutions, since only a few 
| - additional steps were required to solvefor different values inserted in the left- 
7 = hand side of the equation, once the conversion matrix for the constant coeffici- 
ents of the right-hand side had been c calculated. 
Several cycles were required to obtain the theoretical bottom chord and 
stringer tensile loads for each load increment used in the experimental tests. 
_ Initially the bottom chord elongation calculated from a primary- -stress analy- _ is 
a sis for the given load was inserted in the left-hand side of the ‘equations, and a 
_ first approximation of the final theoretical stringer tensile loads was obtained es 
a . by simultaneous solution. In the next cycle the initial bottom chord elongation | 
was reduced by an amount equivalent to a loss in bottom-chord load equal to 
the ‘combined inside and outside stringer load calculated in the first cycle. In Yas 
“each succeeding cycle, the bottom-chord stress was adjusted by the change in 
‘4 Some stringer load between the two preceding cycles. The results of —_ ad 


P fifth cycle were taken as the final theoretical stringer tensile loads since th 
- correction at that point became negligible. The final theoretical bottom chord > 
= loads were computed from the values of bottom - chord elongation used in the : 
os solution of the fifth cycle. In each cycle, the bottom chord elongations were 

corrected for floor -beam deflection due to joint rotation for the given 
_ panel-point load with the previously derived expressions. = = | 
Calculation of Theoretical Top Chord Stresses. —Having evaluated the com-— 


‘bined stringer loads in each panel by means of the floor- -system analysis, the 


— 
ay 
= 
> 
= Adj, = 15.878 
AL, - Ad), = 25.797 = 
ms — 
— 
— 
aly, - — 

Adjy = -25.797 - - 25.7978) - 42.7378, .... (of) 

be 
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manner. The The in- 
crease in are yim stress due to floor - -system participation can be computed — : : 
oy adding to the moment about any bottom-chord joint an increment of mcment 
_ due to the eccentricity of the unbalanced stringer loads at each joint. Thus, at — 

each bottom chord joint, an external moment equal to the combined stringer = 5 
= inthe adjacent panel times an arm of 5.54 in., the distance between bottom | Z 
_ chord and stringer centroids, is applied. The top- -chord stress in each panel fe 


s 
e increment of moment due to the unbalanced aegu loads = 5.54 Sg, % and roy 
Calculation of Theoretical Top-Chord Stresses by an Approximate Method.— - 
‘The theoretical top-chord stresses can be calculated with virtually the same . 
results by an entirely different approach, without using an elaborate floor- 
system analysis. ‘This analysis is based on the assumption that the resultant _ 


« of the bottom chord and stringer loads acts at the centroidof the bottom -chord - 


‘Using this assumption, the decrease in the effective depth c of ae truss . oe 
in which A denotes the cross- areas square and 5. 54 is 
; qi distance, in inches, from the centroid of the stringers to the centroid of the 
_ bottom chord. The top-chord stresses St¢ can now be closely approximated by 
moments about this centroid at the bottom chord joints: 


Gg ee in which M is again the moment due to the e applied loads. - Since 4h is usually _ 


very small in comparison to the total depth of the truss h, the moment due to — 4 
the eccentricity of the diagonal loads about the moment center can be neglected | _ 


This approach to the problem, which in effect assumes equal unit stresses 


= the | bottom chordand stringers, results in agreater decrease inthe effective _ 
of truss anda corresponding increase in the predicted top chord 


TEST RESULTS 


‘The experimental axial loads a the top chord, ‘bottom chord, and stringers | 
were determined for each load increment from the strain-gage readings in ‘i 
order to compare the ‘results | of the tests with and without stringers and to 
- _ the predictions | of the theoretical analysis. _ The first step in the re- 


duction of the experimental data was the calculation of unit strains for cq 
gages using an average of the zero readings .taken before and after loading. 


ain 


_ Then the axial strain at the centroid of the section at es each | gage station was 
: i, computed from the individual strains for each gage at the particular station. 


og A as in the common method of sections, result ie 
— 
| ro 
ve 
— 


For the and stringer stations this axial strain was a 
_ of the strains for the individual gages, which were equidistant from the cen- A; A, 
- troid of the section. For the bottom - -chord stations it was necessary to weight = 
the individual gage strains in proportion to | their distance from the horizontal _ 
_centroidal plane to obtain the axial strains at the centroid. Next, the axel 
a strains in all members for a typical quarter of the bridge were computed by 
_ averaging the . axial-strain values for all gage stations in corresponding lo- 
as to panel and member, throughout the bridge. Finally the 
axial loads in member (of this t 


= 


Beg was used for all members. — Handbook values were used for the cross- y ae 
sectional area of the bottom chord and stringers, but average values computed > & 2 
‘from measurements with micrometer andcalipers were used for the top-chord 


____ Precision. —The precision in strain measurement varied from station to : ce 


station in proportion to the magnitude of the strains. _ The difference in zero’ ih 
readings taken before and after loading seldom exceeded 12 micro-in. but aver-— A 
= about 6 micro-in. for all gages. Reference gages under no load showed a be: oe. 
corresponding shift during the loading period and thus indicated a uniform fi 
- change, so an average of both zero readings was used in the calculation of unit 7 
: bs strains. The error introduced by this shift was estimated to range from less _ 
. _ than 1% to a maximum of about 2% of unit strain for the bottom chord and top fas 
_ chord stations but was substantially higher for the stringer stations, particu-— 
larly in the end panels, where strains were rather small. _ The uncertainty of 


“relat portion of the data was not considered serious, however, because of the 


. the Navier hypothesis that plane sections remain n plane after bending. The aver-— - 
error for this condition at each station was calculated as one-quarter 
the sum, taken with alternating signs, of the measured strains at the par- 
_ ticular station. _ The average error computed in this manner for the top = 
' % bottom chord stations was ordinarily less than 1% of the axial strain. Onthe _ 
whole, then, strain measurement in the experimental testing was carried out 
with an average error of about 2% of axial strain, which is the range of pre- 
cision to be expected with the equipment used. 
Experimental Results.—The experimental top-chord stresses for each in- 
crement of both the test with stringers and the test without stringers ; are pre- 
sented in Table 1, which also includes the experimental end- post § stresses — 
. entered in the line for the first panel. Since the average applied panel-point | 
load for corresponding increments of the two tests did not agree exactly, the 
experimental stresses for the test without stringers were adjusted by a factor 
equal to the ratio of the average applied load for the test with stringers to the — 
_ average applied load for the test without stringers, in order to eliminate the 
_ effect of small differences i in loading } conditions between the two tests. The 
‘ ions stresses for each ities also plotted in Fig. 10, which 


-trically placed gages, it was possible to check the consistency of the data against 
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ea The increase in top-chord stress resulting from floor system participation | 
br shown in Table 1 as a percentage based on the experimental | values f for the f 
test without stringers. This percentage increase varies from an average = 
about 5% for the first load increment to an average of about 2% for the final 
Toad increment. = Thus the results indicate that the increase in is 
the ‘aieees working range ind that the increase may be even less significant 
higher stresses approaching the critical buckling 
ea Comparison of Experimental and Theoretical Results.—The experiment 
stringer and bottom loads, together with the theoretical combined 
TABLE 1.—EXPERIMENTAL TOP-CHORD STRESSES IN POUNDS 


2 
22,070 
__21, 


15,970 970 
18 


loads for each maces of the test with stringers, are presented in Table 2 on 
The theoretical and experimental values of combined stringer tensile load in 
panel for the final load increment are plotted in Fig. lla, and the points | 
are connected by smoothcurves to provide a convenient comparison. Although — 
~, the ratio of outside to inside stringer loads calculated by the theoretical floor 
system analysis is considerably higher than the experimental ratio, the com- 
; bined values correspond rather well. The theoretical combined loads follow a : 
_ oh nearly parabolic curve from panel to panel, with the greatest discrepancy 
; _ from the experimental values occurring in the end panel where the error in — 
strain readings was relatively high. Considering the number of assumptions 
required in the evaluation of the -beam-deflection components, the agree- 
between the theoretical and experimental combined stringer loads is re- 
_ markably good. Since the combined stringer load, not the individual inside and xi 
Fi outside stringer loads, is the significant value in the theoretical determination — 
aa i the effect of floor-system participation on the top-chord stresses, the re-_ 
Sults of the floor -system analysis should fur furnish a for the 
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5 
ar The stresses for each increment the test with string- 
ers are presented in Table 3. 7 In Col. 3, top- -chord stresses calculated by a__ 
_ primary stress analysis are shown, while in Col. 4 the top-chordstresses cal- | 
_ culated by the complete | theoretical analysis that accounted for floor-system bus 
‘Participation are shown. Comparison of these values indicates the relatively 


Test without 


chord stress, in ki 


end 


la 
stringer loads. Comparison of the primary values with the corresponding ex- 
_ perimental values | for the test without stringers, listed in Col. 3 of Table a 
= shows slightly erratic but on the whole good agreement, as would be expected. — 
The ‘percentage the theoretical v values for the complete analysis 


| 


= the a experimental values for the est with | stringers is Baloo 


‘3 is +2. 85%, while the average in the conker panels i is - 3. 60%. 
Ta theoretical analysis was ‘supplemented by a a crude, but simple, approxi- 

a mate analysis, , described above, which yielded higher predicted values of top-_ 

chord stress. These approximate values are listed in Col. 6 of Table 3, along» 
the deviation from the experimental, which averaged +5.0% for 
all panels. The approximate analysis was based on the assumed resultant of 
the bottom chow and stringer areas. The fact that the approximate values, in 


spite of the crudeness of the basic assumption, favorably in 


STRINGER S 


201330 
24'500 


2 


3 616 
4,221 
4,496 | 30, 200 
with the results of the indicates the feasibility of such methods 


n computing the effect of floor-system participation. ‘ 


theoretical values predicted by both the | complete analysis and the 
proximate method, together with the experimental values, for con- 
venient emma in Fig. 11 for the fi 
COMPARISON WITH OTHER TESTS lows, 


"Field tests have been conducted on pony truss bridges where measured top- a 


_ puted from a primary analysis. A notable example of these field tests are the — 
tests conducted on the Fort Loudon, Pa., bridge. Results from the Fort Loudon | 
tests yield top-chord stresses in member U4 U5 24.9% higher than the com-_ 

“puted stress that was based on a primary ana analysis. 


—— — 
3 
Zz 
— 
4 
— 
— | Experi- | Experi- Theo- Experi- | Experi- | 
mental” | mental | mental | retical | mental | mental |" 
| 1,357 | 826 | 2,183 | 1,605 6,620 | 8,803 | 8,050 
885 | 23205 | 16,510 | 18,811 | 18,700 
1,416 | 885 | 2,301 | 2,205 | 16,510 | 18,811 
“1,770 | 1,357 | 3,127 | 2,574 | 15,890 | 19,017 | 18,760 
— 5 | 2,006 | 1,298 | 3,304 | 2,742 19,100 | 22,400 | 22,390 
| 1,770 | 1,121 | 2,891 | 2,890 23,530 | 24,585 - 
aq 2,124 3,599 | 3,372 23,730 | 24,585 
2478 | 1,416 | 3,894 | 3,592 | 
— 4a | 649 | 236 | 885 | 1,514 | 11,210 | 12,095 | 183 
7 
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EXPERIMENTAL AND THEORETICAL RESULTS FOR 
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; - The Fort Loudon bridge was complete in all details including | ian a 
e continuous concrete floor slab are lateral bracing in the plane of = bottom — 


3 slab was s omitted, and the lateral bracing consistedof 1/4 in. round, cold- Joel 
‘2 steel bars. These differences in construction probably account for a weiss part 
of the discrepancy between the test results on the two bridges. 
mat The approximate analysis developed in this paper was applied to the Fort 
Loudon bridge. For the loading condition ‘considered, the results of the ap 
proximate analysis yielded top chord stresses of 2,350 psi, considering the 
_ stringers and bottom chords as effective area, and 2,500 psi, considering the — 
ar stringers, floor slab, and bottom chords as effective area. These results were. 
- compared with a theoretical primary stress of 2,290 psi, and an average mea- 
sured stress of 2,860 ‘e . When the a. floor system, consisting of 
stringers and floor 


Ste with Stringers, 
with ringers Approximate Method 


found that thet top-chord stress by 9.2%, which is considerably lower 
than the 24.9% increase which was found by field test measurements. Results ff q 
from the laboratory model test indicate that the percentage increase in top- 
chord stresses varies inversely with the applied loads. If the Fort Loudon — 

_ bridge had beentested under heavier loads it is conceivable that the percentage — 
”. _ increase in top-chord stress might have been lower than the 24.9% which was 

testing techniques between the Fort Loudon bridge and the he 

 — bridge should also be considered when comparing test results. The Fort | 


Loudon tests were conductedon a full - -scale bridge subjected to moving loads, — 


= in top-chord stress. Tests on the model bridge were conducted in a 
-Iaboratory on a model bridge which was capable of being tested with the string- 
connected and with the disconnected, the percentage increase 


— — 
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Re 

oe 

STRESSES — 

— | 28,105 | 28,50 

J 
— 

— q 

— | 
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both the conducted on the e model with the stringers 
| connected, a very small initial tension was =, to the stringers to insure 


. dice the model bridge did not contain a floor system that was complete i 


all details, the following conclusions can be applied only to the model 1 senile 7 


as fe Experimental test tests on the model bridge indicated an average increase A 
in top-chord stresses resulting from floor- -system participation of 2% to 3% in —— 
ordinary range of working stresses. 
4 2. The experimental results indicated that the increase in top-chordstress 
resulting from floor-system participation varies inversely with the applied 
loads. These stress increases varied from an average of 5% for low loads to e 


rf 


“may ‘be closely by using for the effective center line of the bottom 
chord the centroid of areas of the bottom joms chords and the 


Since the testsor on the meted bridge verify the that floor - -system 
participation causes an increase intop-chord stresses, further tests should 
conducted to determine the effect of a floor slab and lateral bracing. _ Floor- es 
system participation will affect the top-chord and bottom-chord stresses in 
’ through trusses as well as pony trusses, so any future testing should not be 


_ restricted to pony truss bridges. The effect of the lateral bracing in the — . 


q 
This investigation is part of the project on the ‘stability o 
_ without lateral bracing undertaken at The Pennsylvania State University under 
the joint sponsorship of the Column Research Council of the Engineering Foun- 
dation, the Pennsylvania Department | of Hi ghways, and the Bureau of Public 
_ The writers are grateful for the 
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DYNAMIC EFFECTS OF 


"recommended for inclusion in the Uniform Building Code hy the Soames | 
Associatio n of California (SEAOC). These te are seen to 
conform very well with the concepts of dynamic theory. eae 


Experience with recent earthquakes in Calif. Mexico City, 
J et Mexico has shown that it is possible to build economical, attractive structures — 
a which are highly resistant to earthquake affects. But at the same time, these 
ee earthquakes demonstrated that where the dynamic effects ¢ of earthquakes > 
¢F not fully understood or properly accounted for, the results can be disastrous. 
= _ The purpose of this paper is to summarize the principal factors controlling a 
the dynamic response of structures to earthquakes, and to relate these factors 
to current trends in the development « of the earthquake provisions in building — 
codes. It will be seen that the lateral force requirements recently recom— 
’ mended by the SEAOC take cognizance of the major factors affecting the dy- 
namic response of structures an and, thus, provide a ‘rational basis for the design 
cal 
_ Note.—Discussion open until September 1, 1960. To extend the closing date one 
month, a written request must be filed with the Executive Secretary, ASCE, This paper ir " 
is part of the copyrighted Journal of of the be Ameri 
ean Society of Civil Engineers, Vol. 86, No pr oe 
4 Presented at February, 1959 Convention in Los Angeles, Calif, 


Assoc. Prof, of Civ. Engre.. Univ. of Calif., Berkeley, Calif. 
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earthquake is , of a vibration | phenomenon. Since the 
earth is elastic in bee gross characteristics, and possesses mass, it will a 


of these waves pass any given point on the earth, it (and any structure located 
7... it) will be caused to vibrate. Motions induced by the ground vibrations may cd 
a have “both vertical and horizontal components, but since buildings — 
_ : have considerable excess strength in the vertical direction it is customary all 
_ consider only the effects of the horizontal motions in earthquake- resistant de- - 
si It be that the developed during an 


xis 


FORCES, RIDGID STRUCTURE 


EARTHQUAKE EFFECTS ON A RIGID STRUCTURE 
ohne order to provide a suitable background for this study of the dynamic- _ “d 
B54 response ~ problem, it it will be useful to consider first the effect of an earth- ee 4 
- quake on a rigid structure. Such a structure is shown in ‘Fig. 1. It is assumed a 
_ that both the building and its foundations are rigid so that the earthquake mo- 
of the ground, Ug, are transmitted to the building. In this case, 


i 


ture to the of the ‘ground acceleration and the n mass of the struc- 


s = Before going into the details of thedynamic response theory, it will be use- ie ae 
| 
— 
‘Thus, when a slippage occurs suddenly at a fault zone, shock waves are propa-— 
ate hroug he earth in all directions and when the surface manifestati 
tm 
a 
—anplied directv to Wie structure. are Mmerua torces result— 
A 
| 
— 

= 
and g 1s the acceleration Of gravity. For convemence, Eq. I 1s usually 

a er so that the force is given as the product of the weight of the structure a 


(ate 


and a a seismic coefficient, ¢, which the of the ground 


eration to the acceleration of gravity: 


“aa 
Fer design purposes, it is common the earthquake force 
terms of the shearing force developed at the base of the structure. Int this 
case, simple statics show that the base shear, V, or to the force Fi, and Be 

Eq. demonstrates that the dynamic of a rigid structure is very 
simple. All that is required is an estimate of the maximum ground accelera- gi 
tion which will occur during the earthquake. . This acceleration, expressedas 

a ratio to the acceleration of gravity is the seismic eee C in the formu- 


visions o of some of the earliest « earthquake cote, which specified a struc- 
ture should be designed for a certain percentage of gravity (say 10% or 12%), a 
‘regardless of the characteristics of the structure. Unfortunately, the dynamic — 
response characteristics of actual structures are not so simple. ‘Their flexi- 
_ bility and mass impart to them vibration characteristics which directly affect 7 
_ the —" of ss seismic forces to which they v will be subjected d during an 


ay 
ar 


Weight: of the structure, W, 

Such a structure is said to have a single degree of freedom 
- motion only) because > only one type of deformation is possible, represented here A 
... the displacement, u. The significant dynamic properties c of this structure, 
in addition to its weight, are the stiffness of the ‘columns, k, which represents — 
“the force developed per unit displacement, and the damping, c, which repre- 
sents the force per unit velocity. _ In the explanation which follows, damping © 
will be omitted for simplicity, but the effect of damping will be included with th 

= In the absence of damping, the base shear in this structure may | =e 
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| 
— 
- 
lz 
~The effectofa structure’s fle: bility on its response may be discussed most 
___easily by reference to a simple, one-story structure, as shown in Fig. 2. The __ 


ST 


Pi, 
| 


ia 
_ force here depends on the total motion o mass, rather than the ground mo- o 
= h d d the total moti { the ther than th d -- 
ah tion, as was the case only in Fig. 1. *... is convenient to express the total ac- 
- celeration as the sum of the ground acceleration and the relative acceleration ol 
of the mass with respect to the ground, 


ad 
e ere ia 


ww 
: may be studied by considering the structure to be s stationary and sition to it 
i an effective earthquake force, Fee 
y resisted by shears 
“the columns; “the: mass ‘must first be. accelerated, and, the inertia of 


period lod Tp, as ‘shown in Fig. 3, the earthquake ace be expressed 


wea 
— 
' a Eq. 8 is identical with that which would apply to a stationary structure _ | atte 
™ § jected to an effective force, Fg, equal to the product of the mass of the etruc- § «gg | a. 
ture and the ground acceleration. Thus the dynamic effects of earthquakes 
— 
&§ 
7 . in this case, depends on the nature of the applied force Fe (that is, the time | a 
7 a history of the ground acceleration) and also on the vibration characteristics of _ ee 
— 


) base- shear is ‘given 


a 
is the period of vibration of the structure. . From Eq. 11 it is clear that the re- - 


Ground | 


PERIOD» OF VIBRATION, T- SECS. 


base shear may be either less than or greater than that ofa rigid structure, 
a _ depending on how close to resonance this system is, that is, how near r its aati 
period of vibration is to the period of the applied ground motion. 
It is sometimes convenient to express the response of a structure to a spe- 


“cific ground motion in terms of a velocity SaPnnerent, , Sy, as as follows: ary 


4 
— 
— 
— 
. 
— 
= 
— i 
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particular motion. velocity coefficient for simple harmonic motion, 


=_— 
_ A graph the of the coefficient, § Sy, with the period 
—_— and period, is shown in Fig. 3. Such a graph is called the velocity shee 
_ trum of the ground motion because it shows the maximum velocity developed by 
this motion for a complete spectrum of periods of vibration of the structure. ‘ia 
E 2 It will be recalled that the preceding remarks refer to the response of an 
~ undamped structure. If the structure is damped, that is, if it has some form of 
* _ resistance which depends on the velocity of motion, as represented by the vis- 
cous damper shown in Fig. 2, the magnitude of this damping force will also af- 
fect the response of the structure. The magnitude of the viscous damping of a 
Cc, is asa ratio to a critical or reference damping 


a 
om \ 

also, is shown graphically in Fig. 3, for various cethie sd the oe 
_ The important effe that damping ha has in limiting the response of all ny 


ystem at frequencies resonance is clearly shown Fig. 


34 The preceding material is no! not intended to imply y that earthquake motion not ie ; 
| ground may be represented by simple harmonic motion. The only reason for 4 


a including this explanation is to emphasize, with a familiar example, the im- 


e portant influence of the period of vibration of the structure on its response to_ 


a given ground motion. That an earthquake is far from a simple harmonic 
tion is clearly shown by Fig. 4, which presents the ground acceleration 7 
asured at Taft, Calif., from the Tehachapi earthquake of July 21, 1952. The Ee % 
_ motion may be characterized best as a series of erratic, almost random, ace 
-celeration pulses. Thus, the concept of resonance which was applied to! har- o ‘: 
monic motions has no place | in the treatment of earthquake response. 
On the other hand, the response to an earthquake motion can be expressed 7 
_ in terms of a velocity spectrum, just as was described previously, if the ve- ea. 
3 locity spectrum is determined properly; and, again, the response will be found ae 
on of vibration of the structure. For a completely arbi- 
the 
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FIG, 4.—ACCELEROGRAM RECORDED AT TAFT, CALIFORNIA 
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both Eqs. 16 and 17, the primary dependence of the t 
- period of the structure is evident. Damped and undamped velocity spectra cal- 
culated for the motion recorded at Taft, during the Tehachapi earthquake, are 
‘shown? in Fig. 5. The spectral curves are less regular in this case than ‘they 
were for the simple harmonic- -ground ‘motion because of the erratic nature of 
earthquake, but they have the same significance and the maximum base 
# shear can be obtained by the use of Eq. 13, as before. Since Eq. 16 (or 17) = 
™ must be evaluated throughout the entire history of the earthquake, for any 
e given period of vibration, in order to find the maximum \ velocity developed for 
; : that one period, the calculation effort required to obtain a complete velocity 
ies _ Spectrum is enormous. Such v work is generally done by « either analog or auto- 
‘ee _ The importance of the velocity- spectrum concept in earthquake | enginee ring = 
5 iene be over-emphasized. The complete dynamic effect of the earthquake is 
represented by the spectrum, and to determine the force w which would be de-_ 


m™ veloped ina given structure, by a given quake, it is necessary only to evaluate i 
- the damping and period of vibration of the structure, and then find the appro- 
priate value of Sy from the velocity spectrum. For example, if the structure — 
(of Fig. 2 had a choy of vibration of 0.7 sec and 10% critical eco peg the cor- 


EARTHQUAKE RESPONSE OF MULTI-STORY STRUCTURES 


uld be evaluated similarly. — i 


_ Although the dynamic effect of an earthquake on a simple elastic structure is” 
completely represented by the velocity spectrum, there still remains the i impor-_ 
tant question of how to evaluate the effect of earthquakes on more complex sys- 
tems such as multi- -story buildings, Fortunately, the procedure developed for 
stractures having : a single degree of freedom may be applied similarly to 


degree-of-freedom systems. It is necessary only to evaluate first 


the vibration — of the structure, that is, its vibration ome and mode ae 


6. spectrum of an undamped system may be evaluated from 
while for a damped system, the is give 3 

q 
— 
| 
— 
— 

— 

— 
sec. Then, if the mass of the structure were 20 shear 

— 

— 
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_ ods as it has degrees of mares and a multi- story building will have one de- 
«gree of freedom for each story (considering plane motion only) if the weight is 
= assumed to be concentrated at the floor levels. Thus a 10-story building will a 
_ Now the important characteristic of these vibration ‘modes is” that they are 
completely independent of each other. Thus, the response to a given ground 
_ ation can be calculated independently for each mode, exactly as was des- 
| cribed for the system illustrated previously. “The total effect of the 


a demonstrate the procedure, the structure shown in Fig. 6 will be con- 
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FIG. 6. _—VIBRATION PROPERTIES OF THE ALEXANDER BUILDING 


% building in the world. ‘The first, second, and third mode | yoy for this build- 


‘cate that values appropriate to the nth mode of vibration are to be used. The 
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7 4 culated for each of the three modes of vibration, using the velocity spectrum of P 


In addition to the base shear for the multi-story structure, of course, the 

_ manner in which the forces are distributed through the height of the structure — ; 
is also required. In general, the force in the nth mode at height i i 
given by t the base that mode multiplied a coefficient, 


he distribution forces for the modes considered in is 
also shown in Fig. 6. 


As was meationed previously, “the total "response of the structure to the 
- earthquake motion may be obtained by superposition of the responses calcu- 
lated for each mode. Thus, if we had the time-history of the base- shear vari- - 


ation for each mode, the time- history of the total base shear could be deter- 


= Taft earthquake record and assuming 10% damping, is shown in Fig. 7 : = 


However, it ‘should be recognized that the total maximum base ‘shear developed 4 
by the Taft earthquake cannot be obtained by merely adding the base shears > q 
shown in Fig. 6, even though each value represents the maximum force de- . 


represented by the velocity-spectrum values for the different periods of vie 


in that particular mode. This is because the maximum velocities 
_ bration would occur at different times during the history of the quake, and thus 4 


ir they do not represent simultaneous affects. Accordingly, the value obtained by 


direct superposition of the maximum modal forces willalways exceed the true 
‘2 maximum forces. For example, a complete analysis of the response of the 
Alexander Building to the El Centro earthquake of 1940, showed3 that the super- 4 
posed modal maxima gave a base shear force which exceeded the | * maxi- 
—__ Since it is possible to obtain only an : approximation to the maximum re- 
sponse by direct superposition of the modal maxima, it is equally rational and © 
simpler to calculate only the fundamental mode response, andto 4g 
increase it by a factor to account for higher mode effects. Referring again to . 
_ the analysis of the response of the Alexander Building to the El Centro quake, - 
‘it was found that the true maximum base | shear was about 19% greater than | that: a 
Siven by the first mode spectral-response > value. ‘This increase applies ‘only 
to this particular building and earthquake, of course, but it may be considered 
_ representative of the order of magnitude of higher mode effects in tall build-— A 


ings. _ (However, it may be noted here that increasing the fundamental : — 
_ 3 On the Importance of Higher Modes of Vibration on the Earthquake Response of a 


Tall Building,” by R. W. — _— i Soc. of sean Vol. 45, No. 4, 
October, 1955, P. 289, 
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response by a ala factor to account for higher mode effects is not entire- ti: 
ly rational, because the higher modes provide different effects at different — 
heights. A better procedure would be to add a specified fraction, say 50%, of 
the | second and third mode maxima to the first mode maximum to obtain an 
estimate of the total forces developed tt throughout t the height. ». 


the response of the Alexander Building to "the El Centro earthquake of 1940, 2 be 
a found that the base shear was about 20% of the e weight of the building. ny 
ae the relatively moderate Taft earthquake would have produced a base shear of 
7 about 10% of the buildings’ weight. On the other hand, building codes would 
- specify a value of about 3% to 5% for the base-shear coefficient for this struc- 
ture. This would appear to indicate that the lateral-force | provisions of build ie 
ing codes are quite unconservative in providing resistance to a severe quake, jaa 
. _ At the same time, however, it must be recognized that buildings having ~ 
considerably strength than is required by modern codes have withstood 
rather severe quakes with only moderate damage. _ This apparent discrepancy _ 
_ may be attributed, in part, to the fact that buildings possess considerable 
Gama aac the design values due to use of conservative design — 
. e stresses and to the participation of non- -structural elements in n resisting later- 
4 al deformations. Nevertheless, this factor does not fully explain the relative. i 
ly slight damage exhibited by many ordinary buildings which have gone through 
F - heavy quakes. Even more important in many cases, is the fact that, as the re-— 
__ sponse of the building builds up, cracking and yielding begin to take place, and 
these inelastic deformations absorb a large of the energy of 


factor in limiting the forces in a structure by a strong 
earthquake. , Moreover, it is evident that earthquake codes have empirically — A 
taken account of this effect, since the code provisions provide strengths which _ 
are not sufficient to resist the earthquake forces elastically. . To account for 
this effect rationally requires that inelastic action be incorporated into the 
- analysis, and this may be accomplished effectively only through the use > 
automatic digital or analog computers. A study of this type was performed4 by 
_ J. Penzien in which he evaluated the inelastic response of a single- story sys- 
_ tem to the El Centro earthquake of 1940. A part of the results of this study is . 
presented in Fig. 8, in a form somewhat similar to the velocity- -spectrum ; 


Earthquake,” by J. Penzien, presented a a omen of the ASCE, Los — Calif. ae 


“ om “Elasto- Plastic Response of a Single Mass System Subjected to a Strong-Motion 


‘February, 1959. 


— 
_ The procedure described previously makes possible the analysis of earth 
4 ts = quake forces in any type of structure, and would apparently provide a com- § ae 
AS B. plete picture of the dynamic effects of earthquakes. However, when the forces Ey. Bei 
“hes ae =o due to a moderately severe quake are calculated by this procedure, it is found a —_— 
om y ae that they exceed, by a significant amount, the design forces which would be ae 
; 
— 
— 
— 
; 
; 
4 
develop the maximum velocities indicated by the spectral response curves 
— 
— | 
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maximum anauan response se of the structure for varying values of period of vi- 7 
_ bration, while the solid lines indicate the inelastic response for several vais &g 
of plastic limit. This limit is _ represented by the parameter 6, , which is one J 


ture. Thus, decreasing values of @ indicate decreasing elastic strength, | The < ; 
- oa important effect that inelastic deformations have in limiting displacements is 
evident in this the weaker structures are seento undergo smaller 


dynamic | characteristics of the earthquake itself. As was — 


af 


oA 


£25 Miles from) center of earthquake 


from center of large 


c. + 10 Miles from center of small earthquake 


—UNDAMPED VELOCITY SPECTRUM CURVES (FROM REFERENCE 1) 

_ previously, the velocity spectrum depends. on the nature of the e earthquake mo- 
and may be quite different for different Thus, the 


eve r, enough earthquake records have now be tained to establish 
general characteristics of the velocity spectra. These average characteristics — 5 

were evaluated by G. Ww. Housner and are pre: sented2 in Fig. Two basic 

at 

a - points © may be recognized from the curves of Fig. 9. First, ‘comparison of 

- Es A and B shows that propagation of the quake through the ground fora _ 
long distance not reduces 1 intensity of the motion (as might be 
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ponents of the motion more effectively than the long-period ett G : 
while a nearby earthquake will tend to cause the most severe damage to stiff, 
short- -period structures, a quake at a greater distance will not affect such 
structures appreciably and will concentrate its effects instead on the flexible, © : 4 
The second basic principle is demonstrated by curve C, which shows that _ 
- small, nearby quakes still further emphasize the short- period components of jay. 
the motion, and thus may be expected even more exclusively to limit their Si 
damaging effects to the short- period, stiff structures. 


slight effects from such local quakes. 


+. a The preceding brief presentation of the principal dynamic effects of ii 

quakes | will be summarized by comparing the results of theory with some of 

= the lateral-force requirements: recently proposed by the SEAOC.5 The com- 

parison is presented, in brief, in Table 1 and will be discussed subsequently. 
Considering first the dynamic theory, the base-shear force developed in 7 
= nth mode of vibration of a structure is given by Eq. Ia of Table 1, which shows a 

a that the force depends on the effective weight, the period of vibration and the he a 


| spectral-velocity value. Eq. Ib indicates that the spectral velocity depends on on 7 


= the period of vibration, and that the effective weight varies with the mode shape = ; 
and weight distribution. Eq. Ic shows that the base shear is distributed 
& the height of the building in proportion tothe weight distribution and modal dis- 


= _ placements. Eq. Id is simply a reminder that dynamic forces may, be greatly 


ae _ Compared with these basic facts of dynamic theory, in the right-hand column 
of Table 1 are presented some of the principal provisions of the proposed 
| SEAOC. Eq. Ila shows that the total base shear is to be given by the product of ae 


reduced by inelastic action. = 


‘the weight, a seismic coefficient C, and a factor k. _ This latter factor will be 
bet discussed later. An empirical expression for the seismic coefficient is given 
_* Eq. IIb. It is clear that the selection of this coefficient must be carefully — 


considered because of the many factors for which it is intended to account, i aa 


Sum 


; é tive cube root of the period. _ This, however, is only a a part of the task yes ell 


eg a the expression of Eq. IIb. Other factors which must be represented by the 
: Ss equation are the difference between the effective first mode weight, W; and the 


total weight and the influence of higher modes of vibration (because onlya sin- 
a gle mode is considered in Eq. Ta). _ Finally, but ‘still of great importance, the 
factor C, in Eq. Ila, must take account of the energy-absorption effects of in- 

elastic action which greatly alter the maximum response values. _ Accounting — 
a all of these factors places a heavy burden on the expression of Eq. IIb, ol 


at it would appear to do the job as well as any possible choice on the basis ¢ of 


height of the building. ‘Comparison with Eq. Ic shows that the two are identical 


_ 5 Recommended Lateral Force Requirements,” Seismology Committee, SEAOC = 
Presented ata meeting of the SEAOC, Yosemite, Calif., October 2, 1958. 


| 
— | 
&g 
il: 
— 
: 
| 
eae 
3 


if the vibration increase with height. I 


_ Fig. 6 that the first mode for the Alexander Building is essentially of hol vq 
_ shape. Other buildings may tend to emphasize either the shear or the flexural | 
_ distortion to a greater extent but this appears to be a reasonable. assumption © 


for a a typical building of tall, slender proportions. 


of 2/3 and 4/3. The purpose ‘of this factor is to account for the varying ;plastic- — 
deformation capacities of different types of construction. It is evident that | 
~ considerable ‘amounts of energy must be absorbed in plastic deformations if “ 


the response of a structure is to be reduced materially below the amplitude of Q 
: ‘motion which would be developed elastically. | Consequently, it is — ss = 


‘L—Dynamic Theory 1.—Proposed SEAOC Code 


accounts f for: : velocity spectrum 
effective weight 


inelastic action 


AG different nt types of construction 


sizeable amounts of plastic deformation without suffering. major white 
ae the factor of 4/3 would be applied to structures which can undergo only minor a 
amounts of plastic deformation = 
. a It is apparent from the preceding remarks that L current concepts regarding a 
the lateral-force provisions of building codes have advanced considerably be- 
yond the original rigid-structure treatment. The seismology committee = 
_ promulgated the lateral-force provisions proposed by the SEAOC has done _ 
7 eS remarkable job of relating the practical requirements of a building code to the : 
> : essential features of dynamic theory. There is still a need for extensive re- 
search on the inelastic response of structures, and further studies of the char-_ 
acteristics of earthquakes will be needed to define a standard earthquake. 


However, it is s encouraging to find a proposed building code which so eel 
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IN BEAMS ON ELASTIC FOUNDATIONS 
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method of analysis is for obtaining 

beams on elastic foundation and cylindrical shells 

4 loading. Also presented are the solutions of numerous basic | cases which pro- 
the necessary n numerical in the "proposed method of 


‘The deflection of a beam on an « elastic and 
ment of a strip along a to load- 


as 
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he of Eqs. for any segment of beam or cylinder having aconstant 


sec ction is given t by 


Vix) 


*(F cos 6x + Gsin§x) + 


where ¥ Wy (x) is the particular ‘solution to’ the non- which 


results from the loading p(x). By successive differentiation of Eq. 3, the slope 
moment, and relationships for the case of a a beam a are 


sin sin 


s Bx +2 F sin + + 
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For the case of a cylinder, Eqs. 4, 5, and 6 are identical except 1 es 1 is is ree 
"placed by D. ‘The constants of A, and G can be adjusted 


one is concerned only with a single of beam oral uniform 
_ having continuous loading, the four constants of integration are e obtained by solv- — 
ing four simultaneous equations which satisfy the prescribed boundary condi- wh Bek, 
tions. However, if discontinuities which divide the structure into n segments, _ 

_ exist in either the loading or the flexural rigidity (E I, D), it becomes neces~ a 
sary to write a separate expression for the radial displacements in each seg- - - 

‘é ment between points of discontinuity. This results in 4 n unknown constants of = P x 

a integration which h requires writing 4 n equations to satisfy continuity between is 
segments and the prescribed boundary conditions of the system. Considerable 


- work is involved in setting up and solving such equations; therefore, it is the * 


witha method of analysis which makes use of these eolving the 
‘The method of analysis described herein, , for obtaining discontinuity s stress- ta 
oe es in beams or cylinders, makes use of an iterative ‘procedure, similar to that 
introduced by H. Cross, for continuous beams and frames. 3 This iterative pro- 
a cedure, commonly known as moment distribution, consists of first obtaining 


_ fixed-end moments in ‘each element resulting from the application | of applied — 


ie ing deformations are compatible, the joints are not in static-moment celts 


4 brium; therefore, itis ) necessary to allow the joints to rotate one by one until Wy 
‘- 3 each joint in the structure is in static equilibrium. While the rate of conver 
Se of this procedure is not within the scope of this ruigeary cmap. the exam- — 


loads or resulting from some prescribed joint displacement. While the result- 


“ae the following quantities: (1) stiffness factor, K, of each element | 
defined as that moment required at the end of an element to produce a unit ro- a 
tation of that end, (2) carry-over factor, C, for each element defined as the 


To define the changes in the end moments during this one must 


ent at the opposite end, and (3) distribution factors, DF, at each joint 
a, as the fractional parts of an externally agetied joint moment carried by each ¥ 
The general method of analysis presented hereinfor determining discontin- 
2 -uity stresses makes use of the above iterative procedure along with the use of ee: 
the principle of superposition. This: is d in the 
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—— . q _ dial displacements and rotations at all points of discontinuity except at the free eS) a 
roa ; 3 “Analysis of Continuous Frames by Distributing Fixed-End Moments,” by H. Cross, 


= 


“1960 


ends. of loadings, such ¢ as those produced by stiffen 


i & ing rings around a cylinder, a are considered as discontinuity points 2 and are ion 


therefore, restrained in the manner described above. 
— Distributed loadings which, in the case of cylinders, may be due to tempera-_— P 
& ture changes or internal pressures are placed on 1 the beam or or cylinder and the 

Bi (b) The external- -moment restraint at each discontinuity point is now re- 


e oat shears for each segment. This step is best illustrated by considering a 


: single beam or cylinder segment A Bas shown in Fig wie A For the case of a 
cylinder, this segment is considered as a flat plate on an elastic foundation | 
where the foundation stiffness is equivalent to the hoop stiffness provided ~<a 
the cylinder. With the end moments Ma o and Mg for segment A B in Fig. 
Ifa) known, the unknown end shears V, , and Vr, are determined by | separat- 


si the total loading on n the yy into thr ee separate, but equivalent, load- 


- The fixed-end moments and shears for the ‘segment in Fig. 1(b) are coal 


oe moments M4 and Mp in Figs. 1(b) and d 1(c), respectively, 


_ The corresponding end shears are determined next for these cases; io, 


‘the total end shears (Fig. 1a) can be determined by s oanauans as siietanla 


will now yield the reaction forces necessary, at these points, to prevent —= 
Step No. 2 set of stiffness-influence coefficients are now wob- 
(a) Restrain all discontinuity points as in Step 1(a) and produce a unit nor- 


displacement at one of the discontinuity allowing any joint 


Remove | the external moment restraints each discontinuity by 
= in the same manner as in in Step 1(b). This results in known end moments 


for each ‘segment of the beam o or cylinder, for ex xample, Ma A and Mp A in _ 


Whe (ce) The end shears are determined, for bw case, in a manner similar to 
a. _ in Step 1(c), as illustrated in Fie. 2. Using superposition, the algebraic 
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OPLITI-| | SHOBTO- | | SHOHOL | OPBLIZ | OHIZIS | ZHSOTS- | | ZHGOTS-| EMSGOE | | GHOEHI | 
OPGPLI-| | | | | OPZOFT OPPETL | | BROOLZ | | 6h6EST- | 6h6EST 
| SPOOTS- | SHLOSB | OPEGSO | SPLOSS | | EPEOTE- | | EPEOTE- | | GHPGSI-| 
| SP9998 | | | HHBGOZ | | EPLEGH- | BHSOOE | ELEGP- | 6hESOT | 
OPLZTE-| | SPROTG- | OPOLOT-| | SPLELL~ | BHOLTE | EPLELL-~| 6PSILT 
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DISCONTINUITY 
sum of the moments and shears in Figs. 2(b), (c), and —— must t equal the ‘mom- 
ents and shears, respectively, in Fig. 2(a ). For those segments not adjacent | 
= the point of unit displacement, the fixed- end moments (FEM) will be zero. 
_ (d) The normal forces required at all discontinuity points are now calcula- 
_ted from the known end shears in a manner similar to that in Step 1d). ‘These 


forces are the stiffness-influence coefficients. 


efficients be known. These coefficients, when written in matrix form, produce ‘a 
a symmetrical matrix about the « diagonal due to Maxwell’ s law of reciprocal 
_ Step No. 3.—Using the information determined in Steps 1 and 2,onecan write | 
_ a separate superposition equation for each discontinuity point, expressing the | 
4 = corresponding applied normal force at each point interms ofthe unknown, nor-— 
mal displacements of all discontinuity points. These simultaneous a 
when solved, will yield the magnitude of the of all dis- 
continuity points in the beam or cylinder. 
a The end shears and moments, for each case solved in Step 2 involving 
 aunit displacement : ata a particular point, are multiplied by the displacement of 
ba that particular point as found in Step 3. Using superposition, all resulting end 
. moments and shears obtained in this manner are added algebraically to hose 
. found in Step 1; thus, the final end moments and shears for each segment of the - 
(bb) One can now write the general equations for the ‘normal pice, 
moment, and shear ralong each segment using Eqs. 3, 4, 5, and 6, respec- 
tively. The constants of integration A, B, F, and G appearing i in these equations 
are determined by superposition, using the final end moments and shears found _ 
a in Step 4(a) along with the basic ‘integration constants, found in Table 1, which } 


To ‘illustrate this step, consider a beam segment A B as shown in Fig. 3. ai 
- Consider also that the end moments Ma and Mp andthat the shears Va and “F 

are the final values determined in Step 4(a). ‘The constants ofintegration A, B, 

xy and G for this segment may now be expressed in terms of these known end 
- 7 moments and shears and the appropirate constants in Table las follows: " @ 


% 


positive shown i in segment B in 3, ‘the 


— 
— 
. 
it displacement at each 
Pes (e) Steps 2(a) through 2(d) must be repeated for a unit disp 4 
that the complete cet of influe { 
— of the ramaining diccontinni 
— 
| 
— 
— 
— 


Pa 


. 9 and the particular solution to the differential equation with its deriva- 
tives as given by Eqs. 10, the normal displacements, slopes, ‘moments, and 
shears are completely defined in the interval A B as used in this illustration. _ 


_ The trigometric relations shown in Table 2, which appear in Eqs. 3, 4,5, and 

_ 6, have been tabulated to simplify the use of these equations. pecaty te peri. 
oa The general method of analysis, as outlined in Steps 1-4, canbe carried out 
quite rapidly | using the basic data plotted in Figs. 4 through 14, All curves have 
e been plotted over a range of 8 L between 0 and 10. Also shown in these fig- 

m™ ures are the approximate ri relationships for obtaining tl the ordinates: for values 

co _ The stiffness and carry-over eine to be used in the iteration procedure 

- are given in Figs. 4,5, and 6. The fixed-end moments and shears for the case 
of a unit displacement, as required in Steps 2(a) a and 2(e), are presented in Figs. = 

and 9. The fixed- -end moments and shears ‘required in Step 1(a) for uni- 
form and triangular loadings are given in Figs. 10 through 14. 

’ oe Three problems have been completely solved in the following section to il- 
=. lustrate the generality of the method of analysis. Example 1 illustratesits use 

on a combined footing, Example 2 illustrates its use when stresses in a a cylin- 


5 der are produced by axisymmetrical temperature changes, and Example 3 il- 
a 


. 4 wt lustrates its use for the case of axisymmetrical loading on a cylinder. tee 


general method presented herein can also account for partial restraint against 


SAMPLE 

Example 1.—A combined footing 26 ft long, 48 in. wide, in. deep 
_ loaded by | two concentrated loads, as shown in Fig. 15. . The foundation stiff ; > 
Pave Kr is assumed constant. This i is required to determine the foundation | pres- 
"sures and the bending-moment diagram for the footing. 
No. 1. -—The fixed-end moments and shears are zero. 
No, 2. -—The stiffness coefficients are determined as in Fig. 16. 


— 
— 
of a cylinder, D is substituted for E I in Eqs. 9, and E h/ré is 
4 
— 
— 
— 
— 
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4. —BEAM STIFFNESS TRANSLATION - FAR END FIXED 
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FIG, 6.—BEAM STIFFNESS IN ROTATION - END FREE Bee 
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FIG, —TRIANGULAR LOADING - END END MOMENTS AND REACTIONS 


a FIG, LOADING - FIXED MOMENTS A} AND REACTIONS 
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3.—The 


0.947 + 0.070 Yq - 


gee No. 4.—The final e end moments and shears are shown in Fig. 17. 


as L. 


70. 0.000107  -0.00248 


©. 0386 0116 0.00756 


-0. 0.000107 ~0. .00247 


which leads ‘to =o. 0073 in. = in., F:- 


isi 14. ee LOADING - FIXED END MOMENTS AND ag - 


0028) 
{0.000774 0.000667 -0.0118 0.00261] 0.823) 
|, and G = -0.0819 
Example 2 —The long cylindrical shell shown in Fig.19isheldatatem- 
erature in region A B and at a temperature Ty in region C D. It 
able to calculate the unit stresses inthe transition region B C fora linear 
perature change over this region. For purpo 
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by by the atumaatens loading, as shown, which are equivalent to those stresses — 
produced by the temperature AST across region BC are obtained. 
No. 1,.—In Fig. 20, joints B and C are supported. 
No, 2. —To determine the coefficients, the effect of a unit dis- 


Ls Step No. 3. ~The supe position equations 


DY¥c= 


Step No. 4. —The final end and shears shown in Fig. 23. Since 
this problem is completely anti-symmetrical, Mp, = -Mc and Vp there- 
fore, the values should be adjusted ‘ast 


40.014 Pp, Mz = -0.052 p, and Vc = -0.014 


0. 0206 00382 
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-0.008217 -0. 00 
0602 -0. 0334. .01680 
0.00641 00649 
x ‘Find Maximum Stress at B and AT r 


~-10- -6 in. per in., h be 0.100 in., -E equal 30x rare andr represent 15 in, 
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Example 3 3. —The cylinder shown in Fig. 24 has a recess between were. 
"radial displacements, slopes, ‘moments, and shears, a longitudinal strip of 
width | is removed and placed on an elastic foundation whose stiffness equals 
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the hoop stiffness of the In this the axis of all ‘segments 


_ the strip are assumed to coincide; therefore, it is necessary to load the strip 
with concentrated moments at points B and c in order to account for the a 


_tricities of the axial loads at these points in the cylinder. Once the loading on 
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a Step No. 1.—In Fig. 25 joints B and C are supported. rhe Map 


Step No. 2.—To determine the stiffness coefficients, a unit displacement of | 


2B is shown in Fig. 26. In Fig. 27 a unit displacement of c is shown. 
21.1 D, 0. 48 


Do Yq + 20.3 
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+ 46 


15.100 
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_the unit strip is established, as shown in Fig. 24, the ‘solution is carried one in- 
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= © The location of the decimal points in Tables 1 and 2 is given by subtracting = 
_ % 50 from the last two digits of each tabular value. If this difference is zero the 
a decimal point is located in front of the first digit of the number. _ However, if 
: - a the difference is +n, the decimal is moved n digits to the right and if the dif- 
ference is. -n, the decimal | is moved n digits to the left. ” For example, the tab- 
ular value - 1555446 is to - andthe tabular value 358151 is equal 
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author to express appreciation to the Ernest oO. Lawrence 


rying out the digital computer work required for this paper and also oforthe 


2. “Analysis of Finite Beams on Elastic by D.C c. Gazis. 
ceedings, ‘ASCE, No. ST 4, July, 1958. 
iy Foundation, ” by x Cc. Ray. Journal of the Amer. Concrete Inst. = 


mo “Analysis of Continuous Conical Shells of Rotational Symmetry by Method of ae 
Successive ” by G. Assn. for Bridge and 


NOTATION 
constants of integration; — 


factor; 


= Young’s modulus; 


= fixed-end moment; _ 
moment of inertia o 
= stiffness influence coefficient; 
= foundation stiffness; ~ are 


= stiffness factor; 
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— 
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a 
= er unit width; 
— 
moment per unit width of cylinder; beam moment; 


DISCONTINUITY STRESSES 
radial loading per unit area fo for r cylinder; load ‘per unit 
length for beam; 
cylinder 
a shear per unit width for cylinder; beam 


= longitudinal distance along beam or cylinder Bia 


radial | displacement of cylinder wall; beam deflection; 
particular solution to differential equation and its deri- 

a a, = = coefficient of thermal expansion; 

= slope of cylinder wall relative to axis; beam 


= for cylinder; a 7 
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“Analysis of Two- Symmetrical Bents, by B. Cooke. 
(May, 1959. Discussion: _ May, 1959, October, 1959, Decem- 
ber, 1959. _ Discussion closed. — 


Matrix Solution o of with Variable of Inertia, 


Reinforced Concrete Folded Plate Construction, 
a S. Whitney, Boyd G. Anderson and Harold Birnbaum. (October, : 
(1959. Prior discussion: None. Discussion closed.) 


Laterally Deflecte Columns, by John 1959. 


cussion closed.) 
Analysis of Continuous Trusses by Carry- -Over Moments, 
by Jan J. Tuma. (December, 1959. Discussion: 
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‘Strength of Rivets and Bolts in Tension, by W. H. — a 
iN Petersen and E. Chesson, Jr. (March, 1959. : 7 
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a _ bY A. A. Ere 
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“i mpart of the copyrighted Journal of the Structural Division, [i 
of Civil Engineers, Vol. 86, No. ST 3, April, 
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= Shell 1 Vault of the Exposition Palace, Paris, 
Nicolas Esquillan. (January, 1960. Discussion: 


_ Girders, by Charles E. L. Massonnet. January, 1960. 
Discussion: None. Discussion closes: June 1, 1960. 
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3 New, Aspects Concerning Inelastic Instability of 

Structures, by Bruno Thurlimann. (January, 1960. 
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OF RIVETS AND BOLTS IN TENSION 


x. s. Petersen and E. Chesson, 


* havior of connections with rivets and bolts in tension. Both discussions cor-_ 
faa rectly suggest that stripping failures of the nuts are less likely now that the 

"proof loads of the A.S.T.M. Specification A 325- -58T have been increased = 
_ heavy hexagon series nuts. This increase was requested by the Research © 
Council on Riveted and Bolted Structural Joints because the results of various” > 

: laboratory studies, including t the authors’ investigation, and field experience 

had indicated that nut stripping was a possibility ‘under the specification in use * 

i at the time the tests were conducted. The paper, printed in March, 1959, was a 

presented in February, 1958 and was based ona study reported to the Re- 
7 J search Council on Riveted and Bolted Structural Joints in November, 1956. cae 
_ Messrs. Penman and Ball that only a few structural 


> 


a 
i stress formula for rivets under combined tension and shear. The AREA i 
_ ; es does not refer to the use of rivets or bolts in tension nor does it 
provide allowable working stresses for fasteners so loaded. The other 
specification§ widely used in the United States provides an allowable tensile 
“ stress on the ‘nominal diameter of the fasteners equal to that permitted | for or 


yi. Messrs. Penman and Ball also correctly indicate that a 1 rivet rarely com- 
pletely fills a rivet hole. Nevertheless, the area of a 13/16-in. rivet hole is 7 
0.518 sq in. and, if a rivet in sucha hole has a clearance of 007 in. . (a reas- 

; = value for a rivet with a grip of several inches), the area of the rivet — 
_ shank will be about 0.500 sq in. Thus, the use of the nominal hole size to de- , 
_ termine the strength of a rivet would produce only a small error (4%) in any P 


Sane tensile capacity b based on the material properties. In addition, — 


March, 1959, by W. H. Munse, K. S. Petersen and E. Chesson, Jr. 
1 Prof. of Civ. Engrg., Univ. of Illinois, Urbana, Ill. end 


5 “Specifications for Steel an Bridges for Fixed Spans not Exceeding 400 a 
in Length,” Amer. Ry. Engrg. Assn., 
_ 6 “Specification for the Design, Fabrication and Erection of Structural Steel — 
Amer. of Steel Constr., 1956. 
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size high- bolts,” refers to the load in 1 pounds, ‘not 
_ stress ‘in pounds per square inch. ‘That certain riveted specimens sustained 4 
almost as ‘much as similar bolted specimens may be be seen readily in Table 3 a 
_ of the paper. _ However, in all fairness to the current A-325 specifications, 
it should be noted that those bolted connections having load capacity no more 
_ than or only slightly better than the riveted joints failed by nut stripping. Had a 
the nuts been of the strengths as now specified, ‘we would « expect the | bolted 
_ joints to develop somewhat greater loads than were shown in the paper. © a 
addition, unless the toes of the flanges of connections of the type considered — 


| not expect the bolts (or rivets) to reach their full tensile ‘capacity. “This 
_ Mr. Douty’s test results and analysis are a welcome addition to the paper. ; 
"These results are ‘for members with two lines of fasteners and, as such, ‘ 
x should be comparable | to the results of several of | the tests reported by the 
authors. A more effective comparison and evaluation, however, would be pos- 
ai had the ultimate strengths and specimen ae « of Mr. Douty’s tests” 
The analysis presented by Mr. . Douty provides an approximate e extension 
a analysis long employed for the design of tension brackets. The amplifica- ‘4 q 
of this analysis to include the development of plastic de deformation in 1 the 
flanges provides another step in the analysis of the behavior of ‘such a mem- ; 
ber. — _ However, this does not provide an indication of the ultimate strength of d 
“such ‘members nor does it provide an indication of the behavior of the mem- — : 
1 _ bers with four lines of fasteners. The analysis of this later type of member . 
can be expected to be much more complex. 
—-Tt should be noted also that in the analysis presented by by Mr. Douty a a num- — 


relationship can 1 only be | considered : as 8 approximate. For example, ‘it would be 
: more realistic for the prying force shown in Fig. A to be applied at a point 
_ someplace between the bolt line and the toe of the flange. an From measure- — oa 
= in the writers’ tests such has been observed to be the case. Also, it is a 5 : 
known that the ductility of the fasteners has an effect on the prying actionin 
Ps the members and the total ultimate strength of the fasteners. These factors, 
ie. well: as a number of others, should be given further ‘consideration before * 
this analysis is employed in design. 


_ In his discussion, Mr. Douty has ‘suggested that an overstress in the bolts bes 
—_ produce harmful effects on the behavior of tension brackets. . It ‘is diffi- " Mg 


cult to see how such an evaluation can be justified in light of the results of 
many tests wherein high-strength bolts have been torqued to a condition ap- 
_ proaching failure but still retained their full tensile strength. Other tests re- 
eg " ported by the writers’ have shown that similar strengths are obtained when — : 
various levels of initial tension are placed in such bolts. Consequently, ‘it 
would seem unwise to draw a conclusion concerning the effect of a high initial 44 

_ tension on the basis of the single test reported by Mr. Douty. ne eS 
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sing High Tensile Strength Bolts,” by F. ug = 
Schutz, Jr., AISC Natl. Engrg. Conf. Proceedings, 1959, pp. 


TWO-COLUMN SYMMETRICAL BENTS! 


-CORRECTIONS TO DISCUSSION BY CHARLES O. HELLER. b_ —On p page 125, 
in the second line of the first paragraph, “one-day” should read “ one-bay.” _ : 
On page 125, in the first the word ‘ “wished 
should read “ wishes. 
_, On ad 132, i in in Figs. 3-2 and d 3-3, t 3, the forces, 


should read 


@ May, 1959, by B. R. Cooke. a 
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MATRIX SOLUTION OF BEAMS WITH VARIABLE» 


by J. Szabo ant 2. A. Richards 

J. SZABO. 1_mr. Pei has presented an procedure 
been used for several years in Hungary. _ Unfortunately he did not know that 
s this problem was first treated by Prof. J. Egervary (Bulletin of the Institute 

of Applied Mathematics of the Hungarian Academy of Sciences, 1954). Con- . 7 


- Szabo at the Congress of the Austrian Mathematicians in Vienna, 1956 and 
(especially concerning girder grids) in his paper published in 1958 in the — 
German Journal, “Der Stahlbau.” In addition, another paper by J. Szabo onthe 
ia - stability. of compression bars with variable cross section, computed by means 
of the matrix calculus, was presented at the Congress of a and 


As to the essential features of the the has to be men- 


4 provides. ‘the exact value of the at the of 
3 the beam as an effect of the applied | transverse loads in these points. 7 


ve 
applied in these points of the beam of constant rigidity between the equi- 
distant points could not be in equally but exact terms. 
4 Civ. Engr. , Dir., Hungarian Scientific Inst. for Struct. Engrg., Budapest, Hungary. 


b Here we must depart somewhat from the original symbols of Mr. Pei, because 
= isa oe — in his paper wa which however, has no bearing on the end result. - 


however, an approximately exact result is given automatically for the trans-_ “% 


verse displacement. There is no reason why the displacements due to loads 
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Ix) is also a matrix of structure: 


x J is here an arbitrary constant moment of inertia and z 24; , Ze svete the 
value of relative inertia moments at the respective sections 


FIG. sl 
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1 (the c case of constant moment of inertia), then 


nce ‘matrix 


“used by Mr. the modified 
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ste 
— 
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‘coefficient matr has to 


= L/10 


e = 


6. 105 | 1454 1831 1998. 1985 1822 2 1890 1126. 593 


1454 2668 3816 3820 (3524 2988 2192 1156 
1831 3482 4653, 5274 5355 4986 6 4257 $198 1600 


1985 3820 5355 6440 6925 6710 2965 


1822 3524 4986 6088 6710 6732 6084 4656 2508 
1539 2988 4257 5256 5895 6084 8733. 


1126 2192 3138 4430 4656 4522. $748 2114 


1156 1659 2072 2365 2508 1277 


and beside the load [Q] in the example, the displacement 

© Here a regrettable © divergence may be seen between Fig. 4 and the text in the — - 
manuscript by M Mr. P Pei. The writer used the the data from m Fig. 4. 
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[Q] 


1 


 matetx can be solved for different values of n (see paper by J. Szabo it in n Ger- 
man, “Computation of in Stahlbau, No. . 6, 1958). 
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to built-in and there is suggested, a modifi-_ 
cation to the arithmetic procedure which results in enhanced accuracy. A sum 


_ check of use to computer programmers is given. = ~~ : 
Cantilevers.—In the case of a cantilever Supported at end boundary 


oy 


t 0, ‘Xx 29 


the second condition by the approximation that at x =h, 
then the finite- difference e equations give Tise to. toa matrix of the form a 


of 
C —— | 00 76 #8678 62 34 
of 
For example, the coefficient for the deflection at the midspan due to a unit 
| 
— 
— 
| — 
SS 
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be used in place of [A] in the expression 


f 
Built-In —The deflected a built- in beam may be found | 
to ) the deflections of the corresponding simply supported beam the 
-flections arising from the imposition of moments. 


by Mr. Pei as 


[¥] = [A] 


[a My +b My +A 
0 is a vector which represents a bending moment decreasing uni- 
Bs formly from unity at x = 0 to zero at x = L; M, is a similar vector whichis © 
zero at x = and unity at x = =L; a and b are the values of the fixing moments | 


[a] a+| [Al [Ma] b+ 


erence equation, for 


(at x = 


— ae 
Yo = 0 
Fe — 


DISCUSSION 
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2 Similarly, the last two ro rows as the vector Eq. 2 are substituted into the second 


A) = 402 EI =| 320 — 
4 8. and 6 into the vector 4 hy 
expressions on the right of Eqs. 4, “iy uations to de- = 
By substituting the expr irst two rows of the 
— 
— 
— a 
— 


January, 1960 
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hi ch Oren, the moment af at end. (The true fixing moment is - 
or a difference of ‘ahout: 4- 1/4%. Now the calculated 


ia value of a and b into Eq. ®t we find the eine. 
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-10440 + + 12500 


13125 


owt wi 
The tr true central deflection is 


384 EI thus error has ine 
creased to 15%, essentially because the calculated deflection is the difference ey 


j 
— 
&g 
— ay 
— 
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al ‘The ni next section shows how this error may be reduced wien increasing 


number of subdivisions of the beam. 


+10 


(ay 


_ This change hes no ae on Bi  [B], and s so none on matrix TAL an 
volves an easily computed change to the vector on which[A] operates. = = 
The error with the finite diff difference is reduced 


Constant Inertia. - —In order to simplify discussion of the modified ‘coeffi 
cients when using the revised equations, the operator (* ) when applied toa — 
vector be taken to to mean, » “Replace each value by value 
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— 
much larger error when applied toa built-in beam. 
peg WV Away to improve the accuracy of the computation is to take as the finite _ Re 
— 
7 
f 
— 
“Numerical Solution of Two Point Vy ox, Oxford Univ. q 


January, 1960 
Fora a unit load at 


EI ~ 47.96 


"which is in: error only 1/4% 


beam considered in ‘Gienele 1 is now analyzed using the revised finite dif- 
ss. _ ference formula. _ A more refined finite difference approximation is employed ; 


— 
further multiplication by the 
ee e row of A gives for the central deflec- = i ey 
— 


DISCUSSION — 


a Since Mo | and and My are | are linear functions of x 


which leads to the equation Sia 
-, 332 a b+ 


166.665 a + 333.332 b =o 
10? 
an error of just over 1%. 


10? ho 
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where we have used the previous values for Q, and replaced b bya (by sym- 
— 
@ 
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sing this vz value, the ‘moment is is found to 


‘ear 


, the defection to be 


termining a as may be verified by substituting t true value value of 


computer. 


4 


include more ordinates in the condition for zero end slope 
risks introducing inaccuracy, particularly if the loading is irregular, and al- 
_ though this could be overcome by introducing closely spaced ordinates near 
ends the method then loses its simplicity. PEEL 
sum of all the elements of matrix [A] canbe shownto 
be used as a check when generating the coefficients within a 


Conclusions. —Mr. Pei’s m 


only a slight increase ‘this 1 number is necessary for | 
a significant improvement in accuracy is obtainable by use of ‘the d device 
described above, with little extra computation. __ 
me Ee. The form of each row of the [A] matrix suggests an influence line for each ‘% 
ordinate, and it would seem possible to extend the method to non-uniform ~ 
spacing, though the derivation would no longer follow from consideration of 
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COREE FOLDED PLATE CONSTRUCTION® 


J. F. ASCE. 

gain rigidity undoubtedly a old one, but the conscious of 
 Hrvtral theory to design a folded plate structure is apparently recent. An 
American application which antedates any of those mentioned by the authors | 
was made by Byron J. Lambert in his design for the steel portion of the Iowa 


Tas. _ Field grandstand, built in 1922. Mr. Lambert was granted U.S. Patent No. 


452,467 on this construction on 1923, and a number of other 


section, though he did not use . the term in ate either this or his later : 
In 1958 a small ‘reinforced concrete. folded plate slab was rested to de- 
2 ! Concrete thickness \ was 1 in. , Span 10 feet and the 


-sections in what ‘might now as a “folded plate” type of cross 


deviation in one fold due to construction difficulties. Longitudinal reinforce- 
a <a in the bottom of each plate was three 1/4 in. bars, and transverse re- 
inforcement was 12-gauge wire at 4 in. centers. Fig. Pl shows the folded 
_ plate loaded with sand bags totalling more than double the design load. Fail- . 
_ ure came at 2.8 times the design load. ¥ There was little deflection, but the 
no slabs had many tension cracks. Collapse of one-half of the structure was sO 
sudden that the immediate cause could not be ascertained. shows the 
slab after one-half had failed, epliting the load. 


ai Bes @ October, 191 1959, 59, by Chi Charles S. Whitney, Boyd G. Anderson, and Harold Birnbaum. a 
7 Prof. and Head, Dept. of Civ. Engrg., Univ. of Iowa, Iowa City. Sieg NES 

“Design, Construction, and Testing of Folded Plate Roof Models,” by O. H. Senler, e4 
master’s thesis, Civ. Engrg. Univ. of June, 
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eu FIG. P2. —THE SLAB AFTER FAILURE OF THE TWO PLATES —_ 
_ WERE ON THE FAR SIDE IN FIG, A. 
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EREMIN,! MIN, M ASCE. E.—In paper ‘the author has the 
tangent formula for analysis of stresses in the laterally deflected column. In 
‘: his Fig. 6 Mr. Sherman has s shown graphs to | ‘simplify c computation of the 
‘The tables and graphs simplifying column-stress computations are usually — 
based on the ratio of column slenderness L/r, which helps to visualize the 
_ physical properties of column. _ The parameter X, expressed by Mr. Sherman 
rather difficult to convert to the 
In order to establish the degree of precision of the tangent column 
_ da, Mr. Sherman compared its results with the ‘secant formula. It shall be 
_ - noted that the precision of the tangent formula varies with precision of com- 7 
putation | of the sidesway force H, which is, generally, computed with the 
methods of distribution of bending moments by successive ——— 
either analytical or graphical. Therefore, the tangent formula canno be 
designated as exact, when compared with the secant column formula. 
Mr. Sherman developed the tangent column formula for the cases when a ? 


column has a a at the base, or for the case the base is fixed. 


man’s paper is timely 


BENJAMIN M. ASCE. —Mr. Sherman has presented a tool by using 
differential equations explicitly. However, the moment equations ca can also be 7 

obtained by means of slope deflection equations? as follows: aa to 


vil (52) 


in and Moo; 


1959, 9, by John Sherm: John Sherman. 
Assoc. Bridge Engr., Calif. State Brides Dept., Sacramento, Calif. 
7 Struct. and Foundation Engr., M. H. Treadwell Co., New York, N.Y. pa en 
3 “Buckling of Trusses & ‘Rigid Frames,” by Winter, Hsu, Koo and Loh, Cornell 
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LATERALLY DEFLECTED COLUMNS — 
= 
ae pies by the elastic properties of the adjacent members or foundation ma q : 
ce ba oe The partially restrained column base was not considered by Mr. Sherm: j a 
| 
— 
¢ 
(61) 
fe Mo =+ Mr EK [On 89 + 64 (ay + af) R | 
— are fixed end moments, K=I/L,R=6/L, = 
— 
re 


i ‘i ‘illustrate, Eq. 31b from which Eq. 34 is derived, can be obtained by 


— substitution in Eqs. 51 and 52. wear reference to Fig. 5, when His the ~ , 
Mp 1. | ann Mr 2-1 = base at 1 is fixed 


+ 


| 


formula (Eq. 34) and its applicability. . When the axial compressive force P is 
™ j§ small, the moment produced by it is not large enough to affect the combined 
j|é maximum moment. Therefore, M; predominates. A large P with 
mt a ing large deflection, the moment produced by it is big enough to affect the 

ig position of the maximum moment. This moment can be larger than My or any | 


=-EBK [ag 09 - ( 
is 
— 
id 
— 
¥ Jae 


Discussion by W. H. Munse 


: 4 which may be used to explain the behavior of a metal by relating its static, — 
creep, fatigue properties. Although called a theory of fatigue by Mr. 
ay q Stuessi, the writer would like to refer to the theory as one of behavior rather 
- than fatigue because it is used to describe the behavior of metals under € 
orn variety of conditions ranging { from one cycle of load application to many d 
-_eycles, at any given temperature, ‘and under short-time loading as well as 
" = time loading. This may be an attempt to make the theory too general and : 
to read into it too many applications, but, from Mr. Stuessi’s example it is " 
apparent that he has considered it to be applicable to many problems. On this 
- basis then, the writer would like to make several comments concerning the ng 
‘> theory and also to raise several questions concerning further applications of — 


_ In his paper, Mr. Stuessi attributes the unusual behavior of 75S-T6 alumi- Z bd 


- num ata relatively small number of cycles, a rather sizeable effect, to the ’ 
‘effects of “cold working.” ” ‘This certainly seems reasonable and is probably © 
the most logical explanation that can be offered. . However, the writer cannot 7 
help but feel that “cold working” or work hardening may be used in this in- 
stance much in the way we often use residual stresses. In fatigue an, ‘ 
brittle fracture studies, and in many other instances, unusual or unexpected 
- behavior which can not be fully explained often has been related to the exist- 
oh ence or effect of residual stresses. In many instances this behavior and its. 
ae Zz _ relationship to residual stresses has been justified; however, not in all cases. 
_ Therefore, it is hoped that further study and tests of the effects of cold work- - 
ing will show that cold working does in fact ‘Play the part assumed by the 
 Itis noted in the paper that under loadings which are . principally compres- “a 5 
sive in nature, the theory must be somewhat modified. The writer would like 
to suggest also that the mode of failure, whether on shear planes or in hencnilll 
Sion, may be an important factor. 
_ entirely in compression? it was found that the mode of failure was a function 
of the type of material, and that the mode of failure was of considerable im- 
portance in the determination of the fatigue strength of the material. Some 
- metals, for example, are found to fail in shear in a manner similar to the 
failure often. obtained when a concrete cylinder is tested in compression. 
However, other materials a are found to develop a typical tensile- -type fatigue 


‘Prof. of Civ. Engrg., Univ. of | Illinois, 
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E pear that the ‘mechanism by which a ‘material fails is an 1 important sane =. 


_ Although nothing is mentioned in Mr. Stuessi’s theory about low / tempera- 


: 4 tures or brittle fracture, it does include and relate the effects of temperature 


35 
4 and tensile strength. Consequently, one might question whether the theory ri 
a could be extended so that it would be applicable also to the case of brittle 

fracture. Perhaps again, the writer is trying to apply too general an  interpre- 


plain the behavior of metals under all types of loadings would be of tremen- 


tation to the theory; however, the development of a single hypothesis to ex- 4 _— 


7 4 dous value to the engineering profession and certainly a goal worth — q 
Lastly, the writer would like to question whether the short-time tensile 
Bt strength referred to in the paper is in reality a limiting strength, obtainable 
only by means rapidly applying a load, or whether it is the usual tensile 
_ strength obtained in a standard laboratory coupon- type test. We are all aware 
_ of the fact that the speed of loading does affect the strength of a metal. How- a 
ever, our laboratory tests have certainly nc not reached an upper limit of load- 


ing speed. ‘Therefore, if the a author’s theory -y provides the limiting strength, at 


the greatest possible speed of loading, this limiting strength may not be de- a= sd 


h sical but could certainly be extremel limitin 
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Corrections 


_a CORRECTIONS. -On page 31, the first line following Eq. 6 ‘reads a as “Th 
_ angular load function T.,” and should read “The angular load function T; ‘te 
Pe On page 32 in the fits line the Sentence reads * “The formal identity de 
(1) and the Eq. (11) of writer’s recent paper(1) is apparent” and should 
“The formal identity of Eq. (11) with the Eq. (11) of writer’s recent paper(1) 4 

On page 32, paragraph B reads “The _carry- -over factor is the bending: 

_ moment at j, due to a unit moment at k is equal to zero” and should read “ The — 
carry- -over factor is the bending ‘moment at due toa unit moment at i, 

10 and i the last c column nn the designations 

” should read “ Mn = T19 * My, = = Ti9,” re- 

On page 49 in paragraph a the symbol “M,, ” should read “ Mm.” “a = Ye 
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CORRECTIONS. - Page | 49, paragraph 3 ; 

Page 55, paragraph 3, line 2 - Lower case “1” omitted before equality sign. 

i Pi: Page 56, Table 1 - . There should be no prime | over subscript “ “c” in third , 7 


Page 60, caption for Fig. 10 - in “ “DETERMINED.” 
Line 2. from bottom - - The word “years” 


Page 61, first line below ‘Change lower case 


q 
ttt 
— 
3 - Letters “u” and “a” transposed in word “precaution.” 
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Y CONSIDERATIONS IN THE DESIGN 
STEEL PLATE GIRDERS* 


| 
CORRECTIONS. — ~—Page 72, lines 15 17 - Bibliography reference num- 
should be (2) and (3) instead of (3)and(4), 
Eq. 1 - The letter the ‘second term of the equation is not a super- 
script but should be on a line with letter “b.” 


‘Page 74, last line - Dr. Stiissi has only one initial for Fritz, 
a Page: 78, table - The value of alpha in the long panels is “1. 5” and not “ ‘ie 


Page 81, line 7 from bottom - Delete “be” before * “reasonably.” 
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_ CORRECTIONS. —Page | ‘102, line. Bibliographical al reference ‘should be 
» Page 110, paragraph 2, line 5 - The Greek letter in the mathematical ex- 


; — ‘following the word “section,” ” should be a lower case Greek letter > xi. 
Page 114, » fourth line above Ea. 21a - Change “ e” in the word “ ‘pos- 
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_ DESIGN OF F PRESTRESSED CONCRETE | BEAMS BY COMPUTER “s 
Joseph J. Bonasia,! A. M. ASCE 


gram. Several groups, such as the Bureau of Public Roads, the American As- 
sociation of State Highway Officials, and the Prestressed Concrete Institute, 
> recognized the advantages of prestressed concrete and developed standard I- 
type sections for use as stringers on simple-span highway bridges. 
a This | paper illustrates how an electronic digital computer is advantageou 
me ly used to select and design standard posttensioned prestressed concrete — 
beams. Two charts are presented which provide information for the rapid se- 
ae of satisfactory beams used as interior stringers in simple Span, com- — 
7 ‘posite beam highway bridges with AASHO H20-S16-44 Live load. A description — 
of the method of obtaining the required force and its location for 


INTRODUCTION 


= 1956 the Bureau of Public Roads two cross 


a for use as prestressed concrete beams for highway bridges with 
> 


- cast- -in-place deck slabs. Eleven of these sections are considered in this pa- 
Pe — Similarly in 1957 the Joint Committee of the American Association of 


State ate Highway Officials (AASHO) one the Prestressed Concrete Institute (PCI) 


Note.—Discussion open until "September 1, 1960. To extend the closing te one 
month, a written request must be filed with the Executive Seogstany, ASCE, This ara a 


can of Civil Engineers, Vol. 86, No. ST 4, April, 1960. 
 Engr., Lockwood, Kessler & Bartlett, Inc., Cons. N. 
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= "presented four cross sections for use as standard beams which een 

Rasen in this paper. The . dimensions of these beams are listed in Table 1. 
_ Having decided to use either set of recommended standard beams, the prob- 

ii becomes one of selecting the appropriate sizes for the various spans and 
loading conditions. ‘The graphical charts developed herein facilitate the selec- 
tion of the beam sizes. Curves representing slab thicknesses of 6,7, and 8 in. 7 
are drawn for each beam. Using these curves, the selection of the proper size —_ 

e: - beam and maximum beam spacing for any given span length without a prior 

oe knowledge of the aati and location of the prestressing _— is — 
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are in square inches. Dimensions are in inches. = 


ans Also described is a program which may be used to o design interior | and ex- 
terior posttensioned prestressed concrete beams for simple-span — 
bridges. It is applicable for use with various methods of prestressing. The 
program will determine the following for both the interior and exterior beam: . 

1. Required area of prestressing steel and its eccentricity a at t midspan, 
2. Prestressing force required at the jacks. 
3. Initial and final flexure stresses at top and bottom fibers of the beams. : 
area and spacing of web reinforceme ent. 


6, Camber and dead-load deflection, 
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Commatites 323 are followed. Further assumptions, and 

terminology for the various materials are stated. 

__ The two programs are coded for the Bendix G-15D General Purpose Digital - 

oD ‘Computer. , The programming method used is the Intercom interpretive and es 
compiling system, with input and output in | floating point. The term “program,” a 


used throughout this paper, specifies ~ complete set of coded instructions re- _ 


= gross area of concrete beam; 
area of fascia (exterior) beam; 
= area of prestressing steel; es ot 4 
= area ofa prestressing | ‘steel unit; 
= effective width of top flange of composite section; 4 


= distance from center of exterior beam to edge of sidewalk; = ; 
= distance from extreme said lihtcaleaate iber to centroid of pre- 


peered = distance from centroid « of prestressing r reinforcem 


= moment of inertia about centroid of cross section; 
= moment of inertia about centroid of composite section; a 
= ratio of distance between centroid of eee and centroid 
of tension to the 
= length of span, center to center bearing; — 
—_ longitudinal spacing of web reinforcement; 
thickness of cast-in-place s slab; 
total width of sidewalk; 
+. distance top, bottom fiber to centroid of eens 
section modulus top, bottom, of beam; and dala 


s top, of composite section. 
2 effect of dead load; 


effective prestressing force after deduction of all all losses 


= force at transfer; 

bending moment due to dead load beam; 

moment resisted by composite 
bending moment due to dead load of cast-in- ~place slab, —s 


_ Surface and diaphragms; al 
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= ultimate resisting moment; "yer 
Ve shear taken by concrete; 
= shear due to dead load; 
= shear due to live load; and 
Vu shear due to specified ultimate load and effect of prestressing. 


flexural modulus of elasticity « of concrete at transfer; re) 
flexural modulus of elasticity of prestressing steel; 


compressive strength of concrete at 28 days; 


_ = compressive strengthof concrete at time of initial prestressing; ; 
concrete stress at the centroid of the prestressing steel; 
= ultimate strength of prestressing steel; 
effective steel prestress after losses; 
nominal yield point stress of prestressing 
: yield point stress of conventional reinforcing steel; hw a 
deflection at time of prestressing; 
ba: = deflection due to dead load of slab. 
o Steel stress at jacking end; 
= steel stress at any point x; 


friction curvature coefficient; 


—s = total angular change of prestressing st steel ‘profile in r 


_ Initial compressive stress 55 
Final compressive e stress 0.40 = 2000 psi 


llowable | Steel Stress: 
‘Ultimate stress 
Nominal yield point stress 
Nominal yield point stress, 
conventional reinforcement 


Compression 
Tension 


to the therefore, certain principles are stated 
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herein. For composite construction, no temporary intermediate supports are 


~ assumed used during the placing of the beam and pouring of the concrete deck a 
ba - slab. Therefore, the beam alone carries the dead load while the composite sec- 


‘The stresses in concrete produced by the application of external loads and 
pre reper are computed by the elastic theory. The stress on m any | fiber oe 
“stress anda bending stress. Additional stresses are produced by ronan 

loads, namely, the dead load of the beam, the cast-in-place deck slab, and the 
live load. The combined stress acting on any fiber a distance y from the neu- 
tral axis of the beam a y1 = neutral axis of the 


where e e is the distance from the axis to | the prestressing 
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Consider the stress on the bottom of the beam at the time of pre- 
From 


wor “working loads and for the cases where = 5000 psi ond foi 4000 psi, 
- losses due to shrinkage, creep, and elastic shortening are about — ‘Under 


cee ee ee 


Eq. 5 is written ina cocmsaiiie form since it contains terms independent of 
ot prestressing force and ite location. Given a span, slab thickness, wringer 
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in Eq.5 determines the adequacy of that beam in flexure. 
dicate that the stresses on the selected beam are within the allowable specified . 
— limits; positive results indicate that the selected beam is overstressed. 
The terms Mg and My, in Eq. 5 are readily computed as follows: 
Dead Load Moment. - Adding 15% for the dead load of the diaphragms and 


wan surface, the maximum bending moment due to the « dead load of the s 


Load —The m maximum load moment is by plac- 
- ing on the span either the standard AASHO H20-S16-44 truck or the lane load- 
ing (Fig. 2). By applying to the beam the fraction of a wheel load and the im- — 


in with the AASHO specifications, the design live 
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(L 4. 4.67)" 11 
pb 


1 Ea. la anal or 


2 mi COMPUTER SOLUTION _ 


Eqs. 5, 6, and 7 are readily adaptable for solution by the electronic com= 
puter. These equations are utilized to compute for eachAASHO and BPR beam 
the limiting span to the nearest 1/2 ft. - The stringer spacings vary from 4 ft 
- 6 in. to 9 ft O in. in incresnente of 6 in. and the slab thickness vary from 6 in. a 
to 8 in. in 1-in. increments. This data allowed the 
_ The method used is essentially a trial-and-error matte sone which the high- 
- speed electronic computer is well suited. _ Beams are tested for successively 7 
_ increasing spans until the limiting values for each beam are found. A flow 
_ Chart which traces the various steps followed in the design procedure is shown 
in Fig. 3. For purposes of this discussion, assume it is desired to obtain the 
limiting spans for the BPR standard sections using a 6-in. slab. | 
_ The program tape contains the necessary physical properties for all the 
AASHO-PCI and the BPR standard beams. _ By starting computations at either | 
~ one of two predetermined locations, the computer will automatically use the ee 
: 4 chosen set of standard beams (Figs. 3 and 4). Initially, the slab thickness and (a 


the stringer spacing are typed by the c com uter. 
ger spacing are typed by 


_ The ability of the computer to make decisions which are based on | positive 


or negative values, is best illustrated by the use of a simple example. 
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_ the impact equation is writen in the following manner: 


When the results a ad are z sine or positive, i equals 0.30 and when the 
results are negative Iy, equals the computed value of the impact fraction. Us- 


ing the same principle, the result of the of 


M= L (0.08L + 4.5)| -| 4.67 - 112] 


fective flange width follows the same beaters and needs no further ‘explana 
be 
&. The moment due to the cast-in-place slab ¢ and the moment of inertia of the 
- composite beam are computed. It is now possible to determine the adequacy — 4 


of the beam using Eq. 5. LA negative value indicates | the stresses are within the — 
allowable limits. At thispoint the computer assumes that the beam is suitable — 
for alonger span and will continue todo so until otherwise instructed, as shown 
on the flow chart (Fig. 3) . The span is increased 2 ft at a time and all compu- 
tations are repeated until a positive result from Eq. 5 shows the beam is nn a 
: i stressed for this and longer spans. Inorder to attain the desired accuracy, the 
- span length is repeatedly decreased 1/2 ft until a negative solution indicates 
computer has reached thi the limiting span length for that beam. 
_ Summarizing, the computer found BPR Beam No. 1 to be adequate until it | i 
eae a 46-ft span. By decreasing the span to 45 ft 6 in., a negative result | 
is obtained from Eq: 5 which indicates the limiting span for that beam. . Ace 
cording» to previous instructions the computer now types out the span length | 
for identification purposes, the beam area (Fig. 4), 
“Ss If there are additional beams to investigate, the span is increased a speci- 
fied amount and the next size beam is introduced. Based on preliminary stud- 
ies, the spans are increased 6 ft for the BPR beams and 14 ft for the AASHO 
beams, thereby eliminating unnecessary computing. Upon completion of all 
size beams, ‘the Stringer spacing is incremented d 6 in. and i the entire computa-— 
tion cycle is repeated. At the completion of the computations for all the string- 


“ ‘The con shown in Figs.5 and 6 show curves relating span length, eae 
ae er spacing, slab thickness, and beam size. The charts are used to determine 
the beam size for any given span, stringer spacing, and slab thickness. _ They 
also used to determine the stringer and slab thickness 
_ A point falling immediately to the left of a given curve indicates that that 
: beam and any meee beam is satisfactory for the given span, stringer spacing, 
: and slab thickness. For example, consider the AASHO beams shown i in Fig. = 


“ss point lying to the left of the 6-in. slab curve a me No. 3 and to: the right 
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slab curve for beam No. 2 indicates that beam Nos. 3 and 4 4 are or 


"satisfactory, with beam No. 3 being the more economical choice. = 


Le 60 ft, S = 6.5 ft, and T=7 
Determine: ‘Required size BPR beam 
os _ Solution: Enter Fig. 6 with L = 60 ft 
“point of intersection lies immediately to the left ‘of 7. in. curve for beam No. | 
: This indicates that beam Nos. 6, 7, 8, 9, 10, and 11 are satisfactory, ¥ with be 


_ No. 6 being the most economical choice. 


- Solution: Draw a vertical line through the 80 it span and obtain the following — 


4 me os for the AASHO beams are used in a similar manner. 


ft 


im The AASHO- -PCI | and BPR beams are intended { for spans from 30 ft to 100 
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‘must be satisfied. A large enough p peestresaing wth the eccen- 


must be available. 


_The of the thinner slabs for the stringer spacings was 
It is ee a 6 in. slab is economical for the 
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deflection mav become excessive. __ 


_ location of the prestressing fc force is developed for use withthe electronic com-_ 
puter, ne are derived for the loading conditions and the design of the 


a beams. 


for the interior been previously ‘derived. These 
with modifications for the different loading conditions, are. used for the eX- 


Pinas The maximum live load bending m moment for the exterior beam is determined | 
by Applying to the beam the reaction apusee by placing a wheel 2 ft from the curb 


“posite section of the beam are the dead loads of the sidewalk, 
loading. 
Consider the stress ‘on the bottom fiber a concer eae jeretebeam al- 


no tension u under loads 
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and in n Eq. 11 
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strength steel bars or wires encased in metal or rubber conduits. For great- 
er economy these units are placed at the maximum distance possible from the 

centroid of the beam. provision made for proper concrete cover, the 

distance to any unit or the | centroid of | a group of units is } known. For exampl 
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Fig. 7, e, isthe maximum eccentricity (distance) f for unit #1; eg is the maxi- 
mum eccentricity for units #1 and #2, etc. Se. 
_ Assume the concrete stresses on the bottom fiber of the beam dus to the 
‘external loads are known. The effective Steel prestress or the allowable de- 


sy OF 0. 80 , whichever is smaller. 


with maximum values, e, are sub- 
stituted until positive results, indicating compression on the bottom fiber of 
a the beam, are obtained. The prestressing force thus obtained is substituted in 

«Eq. 14 and the computed eccentricity is for a zero stress condition. 
Losses in Prestress.—The loss! in steel prestress is due to creep, 
and elastic shortening of concrete, creep i in steel, and friction, the ap aoe A 
Elastic Shortening of Concrete.—Since the tendons ina 

7 ber are stressed in succession, the loss in prestress for each tendon will dit. 
fer. ‘However, for practical purposes, it is ‘sufficiently accurate to assume the 4 

2 Creep in Concrete.—This loss in prestress is taken as 2.25 times the elas- 
* Shrinkage of Concrete.—Recognizing that some _ Shrinkage | has taken place 
ae prior to prestressing, an average shrinkage strain of 0.0002 is used. pees 
- bry Creep in Steel.—The loss in prestress due to creep in steel is taken as 4% 
of the stress in the steel immediately after preatressing. = 
‘The total loss in steel prestress resulting from cr and ind elas-— 


' or major friction losses in posttensioned members are due to the curva 
ture of the tendons and the friction between ond materials. stress 
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— ’ force for a unit or gr tm 
Consider first a unit or group of units having an area A, and locatedadis- 
— tance e from the centroid of the beam. The prestressing force Fj and €j,are i 
8g 
= 
| 4 
> 
Af =1.0400 E 
tee flexural modulus of elasticit 
— = 


Ft = 
tal angular change a (Fig. 8( 
TAS 
_ Finally, the prestressing force at the ital is 


se s 


a d is the distance between the two forces (Fig. 9). It is assumed that failure fi 
in bond and shear is prevented and that keys and/or Shear c connec- 


ae y specifications the capacity of the beam must exceed 


= 


Shear. .—It is assumed that shear failure will not occur bef 
‘flexural strength is developed and therefore the principal tensile stress at - 
_ sign loads is not considered. The critical section for shear is taken a distance 
from the support equal to one and a half times the depth of the member. The 2 


Ke difference between the centroid of the beam at pop og and at the supports is 
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The shear a x a load of 0. 640 kip per r ft and a con-_ 
centrated of 26 Kips 3 is € as 


= 0.08 @ + 
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specications the required ultimate 


- The maximum spacing of the web reinforcement equals three-quarters the — 


depth of the member and the minimum area of web reinforcement is 
se 


is the maximum spacing of the taken 
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‘ ‘The program consists a main program | recorded on a 
and input data listed on aay © 


load shear fora r the lane loading. 4 
e maximum live ig. 2(b). Letting x 
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 PRESTRESSED CONCRETE BEAMS 


on the prestressing system and supply the data for the system ‘chosen. 
= e The main program is divided into four ‘parts, as shown in the simplified flow — 
_ The input tapes list for each beam the v: various combinations of prestressing 
“steel area and maximum eccentricity for a given prestressing system. 7 
- AASHO- PCI and BPR beams are listed together er in order of increasing areas. 
The the solution | of a given problem consists of 
<a 1. The area of the inter a from the charts (Figs. 5 and 6). 
» The area of the exterior beam. 


of Steet 


_ “tthe of the steel area maximum eccentricity 
a for the selected interior beam must be placed in predetermined locations for _ 
- later use in the program. _The computer obtains from the supplementary ale = 


a 


‘ om Continuing, the computer obtains the flexural modulus of elasticity of the a = 
concrete at the time of prestressing and under working loads. The impact = 
- fraction, the effective steel prestress, and the maximum live load moment and 
shear (including impact) for a 10-ft lane are determined, They are computed 
using the method of decisions based on positive and negative results 
_ The weight of the beam an and the weight of the concrete slab it sv ewppotte 3 are A 
- computed and are used to determine the design dead load moment and shear " 
for the beam. fraction | a wheel load is to the beam eam to 
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determine the design live load bending ‘moment and shear. computer is 
now ready to design the 


effective flange, the composite section properties and the stresses. 


and the prestressing force is then computed using Eq. 15. The substitution ~ 
prestressing force, and its corresponding maximum eccentricity, e, 
Eq. 13 as previously explained, will indicate the state of stress on the bottom 
_ fiber of the beam. The computer will select successive areas of steel until the ~~ 
desired positive results are obtained. If all possible combinations of f 
area and maximum eccentricity fail to provide satisfactory results, the com-— 


puter will halt. The required eccentricity for zero stress condition is com-— : 
‘The area of the beam, the area of the prestressing steel and the required 
are then typed by the computer (Fig. 12). The losses in prestress . 
determined in order to compute the initial prestressing force; the pre- 
stressing force required at the jacks for the separate tendons and the initial 4 
stresses on the top and bottom fibers of the beam. ° 
— the jacks and the resultant initial and final concrete stresses are then typed. — 
The ultimate strength of the beam, the shear and the deflections are abana 


and typed as indicated on the flow chart (Fig. 11(b)). — aga 


" _ The halt is provided so that the critical stresses and the ultimate strength 
_: of the beam can be checked. It is possible to compute again using the next area 
of steel if the results found are unsatisfactory. The computer then obtains the 4 
input data for the exterior beam u using the process previously described for the. 
interior beam, and by scieieg to Part Ill, the computer designs the exterior 


The programs described herein select and design the standard AASHO- PCI 
and BPR posttensioned prestressed concrete beams with AASHO H20-S16- 440 
a loading. The flexibility of the programs provide for the selection and design 3 
of any shape beam using any A AASHO live loading and strength of concrete and 


The programs presented are applicable to building cc construction if they are 
« “modified as follows. First, the live load is different since it usually consists - 
of a ‘uniformly distributed load instead of the standard AASHO loadings. me 
> ond, although the shapes of the beams differ from the heavy bridge beams this | 
consideration is of minor importance since only the physical properties of the — 
beam are required in the programs. The third consideration is the effect of : 
‘concentrated loads on the profile of the prestressing tendons. A parabolic — 
= is still possible since the envelope of the moment diagram of a unit load 
moving across the span is a parabola. Using the AASHO loadings, it is the ex- B 
_ perience of the writer that because of the parabolic shape of the cables andthe ‘ie 
- moment envelope, the stresses at points other than midspan are not critical | 
and therefore they are not considered, 
The AASHO Specifications limit the live load deflection to 1 /800 of the a 


for steel beams and girders. If this criteria is allowed to govern for pre- 
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PRESTRESSED C CONCRETE BEAMS ps 
pron usually results. a net upward deflection due to the effect of pre- 7 
The moment of inertia of the st beams: are quite in ‘compari- 
to steel | beams of equal 


aoall programs presented can also be used for the design n of pretensioned pre- 7 
"stressed concrete beams. ane necessary for bond, straight 


N.Y. for use of the electronic computer and the responsibility of developing - 
the described programs. . The writer gratefully thanks Edward J J. Squire, F. _ 
ASCE, for his assistance and advice in preparing ‘this paper and wishes to % 


their valuable comments and The ‘paper has has used as part 
_ of the writer’s thesis for a Master’s degree. 
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igs of the American Society of Civil 


Members are representative of all phases of Column Research Council activi- po. 
ties. Several 1 papers represent ‘summaries of both past and current research, 
prepared specifically to assist in the preparation of the “Guide to Design Cri- :. 
teria for Metal Compression Members.” Also included are reports on recent-_ 
ly completed research on pony truss bridges and on plate girders. Basia. 
the January | 1960 Journal of the Structural Division Bruce G. Johnston 


Inthe April Journal of the Structural Division, Robert M. Barnoff and William 
Mooney studiedthe effect of floor on pony truss 


- Note.—Discussion open until September 1, 1960. Separate Discussions should be = 
mitted for the individual papers in this symposium. To extend the closing date one 
month, a written request must be filed with the Executive Secretary, ASCE. This paper 
us is part of the copyrighted Journal of the Structural Division, Proceedings of the Ameri-— 
can Society of Civil Engineers, Vol. 86, No. ST 4, April, 1960. et — - 
4 Chmn. of Column Research Council and ASCE Committee on Compression Members, 
Prof. of Struct. Engrg., Civil Univ. of Michigan, Ann Arbor, Bich. 
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e to Design Criteria 


They were be- 


Thi 
“Guide to Design Criteria for Metal Compression Members” that is 
duled to be published in 1960. Hereinafter, this forthcoming publication will 

_ be referred to simply as the “Guide.” ” Rather than attempt to produce a uni- 
7. reduction of a work that has already been condensed, the writer will list 
eleven significant contributions of the Guide to the current (1960) "status of 
4 om compression member design. In general, the simpler and less techni- _ ‘il 7 
- cal aspects of the Guide will be emphasized in this digest. Of course, the real § be 
credit for these contributions goes directly to the many i individuals who have 
carried out ‘Column Research Council (CRC) projects, or who have p prepared 
summaries of existing information ina particular area. 
These “highlights” of the Guide, as’ they ‘might be termed, are di crown 1 as ‘fol oe 
lows from the chapters of the Guide: 


‘Two ‘from Chapter 2 2 on “Centrally Loaded Columns’; 
= _ Two from Chapter 3 on “Compression Member Details”; 
Sd Four from Chapter 4 on “Laterally Unsupported Beams”; a [ae 
‘Three from Chapter 5 on “Beam-Columns.” 
_ — A number of previous papers of this symposium were prepared specifically vi 
for the Guide and in some cases the discussion of a guide highlight will be 
shortened to avoid duplication with another symposium paper. ee 
S __—s Although the writer of this digest has actedas editor of the Guide, the 1e Guide : 
z itself represents, in a very substantial sense, the combined effort of CRC asa 
- bis whole. . All ‘members of the CRC have had the opportunity of reviewing pre- 
: a publication drafts, and many detailed suggestions by various members have 
a = been incorporated into” the text. . Moreover, many basic portions of the nei 


direct have come in most part from the following: wl 


Beedle, L. S. Ravan oc. 


Winter, George 
i The Guide is dedicated to the memory of Shortridge Hardesty, whose i influ : 
ence as chairman and director of CRC, from its very beginning, was a persona 7 ; 
inspiration to all who worked with him. Although the Guide itself has been 
completed in draft form, it has not as yet been “finalized” and various addi- 
tional revisions may be expected. Thus, the writer must take responsibility for | 7 wd 


any views expressed herein that may be amplified or modified in the Guide ideas - 
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"DESIGN CRITERIA 
HIGHLIGHTS OF THEGUDE 
= . Whereas the basic column strength of s steel and aluminum alloy porewann 
in the past, been based generally on two different and 
cepts, it is a goal of CRC to unify the evaluation of basic column strength un- 
the tangent modulus strength criterion. = 
Column buckling theory was initiated by Euler (1), 1),2 who more than 200 years | 
provided the simple formula that bears his name. s formula is di- 
— rectly applicable to design in the long column range. _ Modifications in this 
_ formula th that were introduced to adapt it to shorter columns that fail inthe in- 
at -elasticr range resulted in two different theories, known respectively asthe | “tan- 
gent modulus theory” (2) and the “double modulus theory” (3). _ Experimental — 
evidence favored the first named theory, but it was not until 1947 that F. R. Le 
Shanley (4) provided the key tothe significant interrelation between the two theo- 
ries. Although the Euler and the associated tangent modulus formulas found 
direct application inthe airplane industry in the design of aluminum alloy struts, 
similar application t to o heavy steel construction lagged because of the discrepan- 
ey between tangent modulus strength predictions, basedon smallc coupon 1 stress- 
- strain curves, and the actual strengths of tested columns. As is well ce a 
small coupon tests of steel usually show practically linear stress- strain re- 


‘gtveases approaching half the yield point a are “locked” in the ‘member, 1 as a re- -_ 
a. sult of uneven cooling of hot-rolled steelon the mill cooling beds. Although the 
res ‘dual stress levels are probably greater in rolled WF or I members, they 


are present in angles, universal mill other elements of 


It became apparent in the late 1940’ that the key to the application of 
tangent modulus concept to the steel column lay in the inclusionof the residual 4 
stress effect on the average stress-strain diagram of the entiresteel member. 
As a result of this recognition of the importance of the residual stress effect 


the influence of this variable. >. It was obvious that both theoretical and e experi- a. 
-mental investigations would be required to prove the validity of the concept, .% 
and a considerable number of studies and projects have resulted, primarily at _ 
Lehigh University (5,6,7,8), some of which have been wholly or partly sponsored 7 
by the CRC. _ Although much investigational work remained, it became 
7 if ble in May of 1952 for CRC to release the following statement in its Technical 
% No. lon “The Basic Column Formula” (9): 


“tt is is opinion of the Council that the 
4 tangent modulus formula affords a proper basis for the establishment of ets a 


_ The reason for emphasis ¢ on this statement lies in the fact that it is not re- i 
stricted to any particular metal. The key to the application of the tangent modu- =. 
dus concept to steel columns is the determination 1 of the tangent modulus of the _ 
effective stress-strain diagram of the entirecross section. The principal fac- 5 4 
tors that cause differences between the effective stress-strain curve of the 
complete cross section and the individual stress-strain curve of a test coupon 
ia are the presence of residual stress and the variation in yield point over the — 7 
cross section. The failure of the tangent modulus concept (when based on indi- — 
ps coupon tests) to explain the behavior of steel column tests in the past 
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: ae has usually been attributed to the presence of accidental -end-eccentricities. 
if For any given test, by ‘means of the secant formula, a fictitious end- -eccentricity _ oe 
ve can always be determined that will exactly account for the column strength on i sy 
js the assumption that the column fails when the maximum stress due to com- — 
bined direct load and bending ‘reaches the yield point, , the material being as- 

sumed as perfectly elastic up to the yield point. Although accidental end- — 
; - eccentricity does play a part in determining the strength of a column that is 
: Rig intended to be centrally loaded, it is now known to be secondary to the role of © 
7 residual stress. _ Thus, the effect of a major factor (residual stress) hitherto 
_ has beeneffectively included in the design application of test results by means 

of the rielty). magnification o: of What: is s frequently a minor factor 


. Tall (10) review the development of the basic theory by mean: of which the re- 
stress influence on column strength is evaluated. 
Since the departure from linearity in the effective stress-strain curve for | 

a steel column is ; explained by residual stress, the > effective proportional i 


and, as out ina to following result is ob- 
If ORc is taken as ‘one half the yield point (about the maximum 


(KL 
Eq. 2 merges with the Euler curve at a of common tangency is 
_ recommended for the establishment of basic column strength curves for con- 
structional steels having a yield point comparable to A7 steel. It is conserva- 
_ tivefor higher strength steels. It is interesting that Eq.2 can be reduced to be 
ni identical to Eq. 1.395 of ANC-5, Strength of Metal Aircraft Elements, March, z 
ie 1955. Also George Winter (12) presented the identical equation in 1946 and 
stated that it gave “a very close approximation of the values of the secant for-_ 
3 mula in the low and medium | range of L/r. ih Thus, while the formula herein oar a 
has been related to the effects of residual | stress in wide flange shapes, the — oar 
identical formula has been shown to be consistent with the secant formula which , as 
incorporates an -eccentricity ratio determined so as to make the fo formula 
‘fit a large body of column test results. 
sh _ In a survey preparedfor CRC by Beedle and Huber (13), it was oe 
. ed that the minimum ASTM Specification yield point in tension | be adopted as -_ 
suitable value for Cy in compression as used in Although over-— 
conservative, this recommendation is tentatively extended to all structural 
ee high strength steels for which ASTM Specifications are provided, together with gee 
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In Fig. 1 are plotted the actual critical average e stresses at the modu. 
_— lus load (as predicted by Eq. 2) for all structural steels for which there are 
_ currently available ASTM Specifications. The stresses for the two aluminum oe: . 
_ alloys are determined directly fromthe tangent modulus curves as given in the “it 4 
_ In the Guide, the data of Fig. 1 are presented in tabular form. The Guide 
then proceeds to discuss the difficult matter of factor of safety, by \ which - ae 
: a0 column s strength curves of Fig. 1 are related to column design curves or formu- 
 lasat allowable stress levels. Various existing designformulas are discussed 


4 “Elementary theory: teaches a pin- ~ended column has an 
length equal to its actual length, but such idealization is not necessarily — au 
2 applicable in practice | because of the varied end restraints present. The 
a a dilemma may Se most readily recognized in the light of the -whennd 
= statement that, theoretically at least, it is possible for the effective 
¢ length of a column to vary ‘anywhere from zero to infinity times the ac- 
: tual column length. It is a matter of awe that a subject having so funda - a 
- mental an effect on both the safety and economy of the structure has been . 


blandl 
‘so blandly ignored in specifications it in the past. 
for which intentional lateral loads and eccentricities of axial load are absent. 


C. tite has also contributed to! this symposium a general review of this 


" symposium paper (February 1960), they will not be repeated herein. “pis 


‘framework of which itisa part. as a main bridge truss), and again as 
buckling normal to the main framework (sometimes spoken of as “out of the __ 
plane”) such as that which takes place in the the horizontal | of 
Thecompression member in a plane may be characterized as to 
the type of possible buckling failure as follows: a ire > +h 


_ (a) That in which the translational restraint at the ends of the member is so 


rea that little or no translation takes place, ‘such as in truss frameworks. o. . 
That in which both translationand rotation of the endsof the member are 
* possible, such as is usually found in open continuous frames. = | 
= (c)T That in which rotational stiffness at the ends of the member is so great © 


that little or no rotation takes place,as ina rectangular portal 3 with ox- me 


v tremely heavy or stiff upper horizontal cross member. 


Special cases of the above would include the condition 
{i translational or rotational Fighaity (or both) at one (or both) ends of the com- 
example would be a rectangular continuous 
ome with columns | fixed at their bases but at their tops. - 
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oe ‘Fig. 2 provides a table of mp K values for use in Eq. + These values, 


a... These K-values are for idealized conditions in which the rotation le 
_ translation restraints at the of the column are either fully realized or r non- 


of adjacent members. At the base, shown fixed under conditions a, b, c, and cn 
in Fig. 2, the condition of full fixity can be approachedonly when the column is 
an hored securely by adequate embedment or by a moment-resisting bolted — 4 
nection to a footing that is designed to resist overturning moment and for 
_ which the rotation is negligible. Column condition (a) is approached when the ~ 


Buckled shepe of 
column is shown 


wee 


Recommended design 
value when ideal conditions 
ore approximated. 


Rotation fixed 
Rotation 


Rotation fixed 


Rotation free 


Tronsloti ion free 


Translation free 


2. LENT LENGTHS OF CENTRALLY LOADED COLUMNS WITH 
VARIOUS END CONDITIONS. _ 


~ Condition (f) is the same at the top as (c) but the condition at the bottom is ll 
certain as rotation restraint. The recommended design values of K are a 


carbon structural steel columns with slenderness ratios less than about 
60, load a fixed end (Type (a), 
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1960 
7 = introduction of K-values has little if any practical effect on the design of : . 
Relatively short columns. In the case of low alloy and silicon steels the figure 
of 60 may be changed to 50 for the same differential of 10%. For aluminum _ 
a — columns the figure varies from about 40 for the higher ‘strength alloys — 


rises. The nae (a) anor ve column load may be 100% greater than that of the eae 
3 = -ended column at L/r of about 100 for steel columns and 70 for abomionm 
e alloy construction. Thus the use of K-values here results in appreciable econo- 


for large ‘slenderness ratios. increasing sensitivity to end restraint 


as L/r increases, and possible changes in restraint that may result during the 
life of the structure, suggest the desirability of giving careful attention to end 
conditions when the mensbers are relatively slender. 


door crane runway girders and si- ae 
 milar structures,a K-valueof 2has 
previously 1 noted as appropri- 
ate. It has been further noted in 
_ Fig.3 that for some types of frame-_ 
works it is possible to imagine a 
for which the effective length 
. becomes even larger than 2. Obvi- 
ously, Such a situation would 
uneconomi- 
cal, and not acceptable ina 
designed structure. __ 
utilization — of the post-buckling 
een, strength of flat steel plates that form 
portions of a built-up column, 


FIG. 3. -FRAME WITH EFFECTIVE 
nventional pr r 4 
LENGTH FACTOR K GREATER THAN 2. "Conventional procedures for the 


‘thickness in n heavy steel structures are basedon critical buckling stress - 


a steel sannadien as well as the use of lighter metals has focussed increasing 
| i attention on the utilization of post- buckling strength. Although the Guide does 7 ae 
ignore the conventional procedures, J. R. Jombock and J. W. Clark (18), 


L provided a survey and evaluation of procedures applicable to thin- -gage 


materials. Note also the paper by the same authors (19) as presented at this 
i . evidenced by the symposium | paper by K. Basler and B. Thurlimann (20), 
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The economic use of material in any situation requires that ee 
4 


stresses be as large as possible. Since the permissible stress in a column de- 
creases with increasing K L/r, it is obvious that the K L/r should be kept as 
— as possible. The lengthof the columnis governed by geometricarrange- __ 
ment of the structure and the radius of gyration should therefore be as large 7 : 


_ as possible. _ In the case of moderately heavy loads this is accomplished > ie 
_ spreading the material in the cross-section and, where necessary, joining this 
by lacing bars or utilizing perforated cover plates. F . For very light loads, how- 
ever, ‘this is uneconomical and the use of very thin material with only | part of 
the column cross section considered effective may be desirable. This leads _ 
to the “effective-width” concept that utilizes the “post-buckling” strength of the 2M 
“plate. This approach to design bears a relationship to current specification = 
‘practice in heavy steel construction that is not unlike the relationship between 7 
the plastic limit designand the “working stress” concepts of design. This pro- 
cedure is applicable not only to long columns carrying small loads but also to 
cases where columns serve the dual function of providing walls, partitions, by 


_ bulkheads, or wingor hull “stressed-skin” structures as in aeroplanes or ships. 


Transmit Stress 
Because of Buckling 


Element 


flat plate loaded in compression ‘and both 
_ edges will develop additional load after the buckling stress for the plate = 
Zz. been exceeded, and it is advantageous in design to take account of the post- 
buckling ultimate strength. This can be done by the effective width method, in 
_ whichonly a part of the width of the sheet is considered to be effective incarry- ‘9 
ing loadafter the local buckling stress of the plate has been exceeded (Fig. 4). 
_ The effective width concept is currently used in at least four | domestic speci - 


‘fications. _ The 1956 edition of the “Specification for the Design of Light Gage 
Cue "Formed Steel structeral Members” extensive use of 


a Alloys for structures of aluminum alloys 6061-T6 2014- T6 (15)also 
use of effective widths. for the Design, 
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and Erection of Steel for Buildings” (22)iacitly 
the use of an effective widthin the design of compression members having plate 
elements with widths greater than 40 times the thickness. Industrial buildings | =~ 
_ also provide useful applications « of stiffened sheet construction. In this area of | 
application, a very readable and easily understood discussion of the effective — 
width concept as applied | to light gage steel design has been prepared by ! 
" The first to use the effective : width concept to develop expressions for the - 
‘ultimate strength of plates was von Karman (24). Many other formulas for the pa 
_ effective width have been derived, some empirical, some basedon approximate a 
analysis, ; and some based on large- -deflection theory \ with varying amounts of © 
Jombock and Clark (18) list fourteen effective width formulas along with 
_ their sources and give remarks regarding assumptions upon which they are ; 
based. They suggest that the results of these comparisons —_ be summed up Ae 
as Gerard did in Reference (25) page 522: 


“Of all the theories shown, Equation (3 herein) apparently gives the best — 


* fit tothe test data andis still predominantly conservative le the ™ 


3) 
; Although the effective width also may be determined for plates" ‘supported | 


along only ¢ one longitudinal edge, Winter in his recent commen-— 


condition provides too small a differential to warrant use of other than criti- 

_ cal buckling stress as a design basis. The practical consequence in thin gage > 

- cold-formed metal construction has been the development of shapes in which 

outer edges are quite generally supported by lipped stiffeners, cold-formed by 
bending the main plate along its outer edge. _ Thus, the unstiffened plate. is not 

_ usually encountered in practical applications of thin gauge metals. aii, 

‘Since the effective width concept has been well developed in current speci-_ 


festions andcommentaries (14,15,21,23), reference is made thereto for further 


f . 4. Recommendations are made for the design oft bridge compression mem 
Sy In the designof the Huey Long cant a 
‘just above New Orleans, La., in the early 1930’s, the firm of Modjeski ce . 


Masters replaced the then conventional on or planes of lacing in truss com-_ - 


= satalinnhe used could not be counted upon to ‘resist the axial com- = 
- pression, the portions of these perforated cover plates outside the —— 
_~ included in member area. In addition to this economy, additional advan-— 
_ tages arose from the reduction of fabrication and maintenance costs of such 
— and their superior stiffness and straightness. The use of perforat- 
ed cover plates has since eens general, although design practice in their use 
has varied. 
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The foregoing paragraph (with minor amplification) is taken from a review 7 
and design study of perforated cover plates carried out under the sponsorship» 
jeski and Masters at Lehigh 


a eS of the American Association of Railroads and Mod 
eae by White and Thurlimann (26), with CRC acting in an advisory ca- 


columns with racipteted cover plates. Rules for proportioning cover plate o- 

tails are also given in the latest AASHO HO Specifications fo for Highway Bridge De- 

sign (28), (7th ed.) Sec. 1.6. 36(b). 


This oreo is 

considered 

as flange 


— 


design are some extent a version of 
‘es some of the White-Thurlimann recommendations combined with sc some features : 


pe of the perforations should be ovaloid (that is 3, straight : sides 


a) (1) The sha 
with semi-circular ends). elliptical or circular. _ For the first two cases, wall 
“long axis should be in the direction of the column axis. C Vibes 


i —) The clear distance (c-a) (Fig. 5) between perforations should not be less 
the unsupported distance between the nearest lines of rivets. 


: ¢ flange) is equal to or less than Os of L/ry with a maximum of 20, the no 
values for allowable column stress, applied to the net cross-sectional area, a 
may be used to determine the permissible load. — 


| 
a = 
— 
— 
q 
— 
ing the axial ri 
3 a the perforations) ia about the x and y axes the: 
it section of the perfc 's of inertia a we 
and the sec q 
— 


a 6) At the point of perforatic.. each flange should be designed to resist half 
i the total transverse shear force. _ Checking of the transverse , shearing stress 
i with at least one solid transverse web plate is not necessary. 3 = 
Perforated cover - plates designed in accordance with rule 2 need no not be checked = mi 
RS _ (6) The transverse distance the to the nearest line of con- 
: .- necting rivets or point of support, divided by the plate thickness, shall conform _ . 


tothe specification requirements for plate thickness in main compression mem- 


bers. 
of perforated cover plates is only one of many similar topics 
g that are included in the Guide in Chapter 3 on “Compression Member Details. _ 
If along shallow beam is)laterally unsupported, the Guide recommends 
careful consideration of the possible use of a box girder. ‘ aiiaietdiaeiia. 
bo The initial theoretical solution of the elastic buckling of a beam of rectangu- 
_ lar cross-section was presented by L. Prandt] (29) in 1899 for a number of cases, 
_ and an independent and nearly simultaneous solution was made by Michell (30) 
_ for the case of the simply supported beam under pure (constant) bending mo- : 
supplied by end moment couples. The earliest solution for the lateral 
buckling of the I-beam was by Timoshenko, who published papers - in Russian | 
- and German between the years 1906 and 1910. These and other early develop- — 
Bee are reviewed by Timoshenko (31) and Bleich (32). Recent investigations, 
_ many of which have been sponsored in whole or in part by CRC, ‘have been r re- : 
viewed especially for the Council by J. W. Clark and H. N. Hill (33). ae ye 
_ Interesting and important as these studies of lateral-torsional buckling may . 
, the reader should keep in mind that in the great majority of practical de- — E. 
- sign situations, adequate lateral support is provided and the whole problem of + 
- lateral buckling is thus usually avoided. a _ The open rolled I, WF, and channel 


- ther torsion or lateral bending, and these weaknesses accentuate the design | 
_ problem that arises when they are not supported laterally. The overall design © 
_ problem may include that of combined bending and torsion (if the sections are 
7 not loaded through the shear center) and biaxial bending (if the load is not paral- 

lel with the web). Steps taken by thedesigner to improve resistance to lateral- 

ae buckling will also improve the efficiency of the anne with 1 respect | to 

\; ae ‘The solution of the lateral buckling problem for the rectangular beam de-— 

- _ serves first attention because it is relatively simple and it may be used di- 
= design of box girders. . As mentioned in the introduction, box sone 


should be used in important applications where longand/or heavily loadedspans _ 


& must be designed without lateral bracing. = 
& Fora rectangular section under uniform bending moment and with a : 


the critical maximum stress at buckling is given the formula: 


- lar cross section, with continuous closed cross-section achieved by welded a f 
riveted connections along all longitudinal seams (Fig. 6). For substitution in 
Eq. 4, the following is a close approximation of the section constant “I,” based 
on Bredt’ s (35) for box sections: 
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4 The critical of box sinters: of 
is far above the yield point and failure will usually be by local buckling or by 


little or no needed below values 
permitted for full restraint in any case 
_ 6, Attention is given to simple procedures for — 
approximating the lateral buckling strength of me- 
in the case of the column, the strength of a 
| : laterally unsupported beam of relatively small length 
3 be determined by inelastic rather than elastic a 


a be expected to develop full yield strength of the 


7 


~ = Strength is the same for beams as it is for 
columns. . Inelastic buckling strength of beams may 


ALLO 


then be estimated from a column strength curve. ‘FIG. 6. 


This procedure is applicable to aluminum alloy mem- 
since the tangent modulus buckling curve agrees 
well with tests on both columns and beams (36). in the case of 
= the tests by Hechtman, Hattrup, Styer, and Tiedemann (60) are in good agree- 
ment (generally conservatively so) with the predictions of the basic column 
7 er curve proposed herein in Fig. . This approach was validated in the 
_ case of I-beam tests as shown in Fig. 7 andwas suggested by Bleich (32, p. 130), _ 
for the more general beam- ‘column problem. It is also used by the 
Company of America (37, p. 


" ‘The basic column strengths in Fig. 1 are determined by Eq.2 which may be _ 


- where Ce is the Baler stress. In the second form, it may | be assumed to a 
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‘DESIGN CRITERIA 
PH For the. rectangular or box section, 0 cb may be determined from Eq. 4and 


substituted in Eq. 6, or a more direct approach may be made. In Eq. (replace 
G by its e uivalent a 
v (Poisson’ s ratio) is taken as 0. 318 a between 0. 30 for steel 
and 0.33 for aluminum alloy) the introduction of Eq. 4 into Eq. 6 yields: “— : 


zo Eq. 7 is applicable to either aluminum alloy or steel and the approximation 

A introduced for Poisson’ 's Ratio has much less effect than the normal variation | 


areas of design in spite of the advantageous introduction of the more? recent 
The truth of this statement was brought forcibly to the attention of CRC by 
, Bridge Engineer, Bureau of Public Roads, he showed 
= several years ago, in anunpublished study, that the application of the (L d)/(b t) 4 
_ formula to short unsupported segments of deep bridge girders or floor beams | 
. would reduce permissible stresses considerably below levels that had proved 
_ satisfactory o over many years of design appl ication . In recognizing this same 
fact, George Winter has pointed out, as a result of his studies (23), that L/b (or 
— L/ry) is the controlling parameter “in the case of deep and/or thin-walled | 
beams” whereas (L d)/(b t) is applicable “in the case of shallow and/or thick- § 
walled beams. ” The Guide clearly differentiates areas of design applicability 
ond of the two parameters, and, in addition, provides somewhat more complex } 
that incorporate both effects in a single equation. 


_ The essential reason for the foregoing demarcation is the fact that lateral, 
~ buckling failure of a beam always involves lateral bending and twisting in com- P ‘fl 
bination. The term L/b is a measure of lateral bending flexibility, whichis 
s _ paramount in the lateral buckling of deep and/or thin-walled members. — The 
a term (L d)/(b t) is primarily a measure of torsional flexibility, which is a pri- P 
mary factor in in lateral buckling of stocky and/or * shallow | members of which el 


and applicability. It is strictly ‘adeticeine only to the double symmetric WF or 

_I beam and depends on certain simplifying assumptions which are explained in = 
the 

‘Three alternate forms of Eq. 8 closely approximate | the elastic — 
- buckling stress due to bending for I, WF, roller sections, or double symmetric > 


— 
— 
| 
— - 
— 
| 
| boxor rectangular sections. Space does not permit the inclusion of illustrative 
of the application of procedures, such as are included inthe 
— 
— 
— 
a The (L d)/(b t) design formula of AISC Specifications is practically synony- 
ate girders, when loade y end couples in the plane of the web, 
— 


‘1960 


2.S(K 
interrelated for the I and WF shape as follows: 


hae (See Ref. 32, p. . 120, where Cy appears as I). The term a is referred 7 
to as the torsion bending constant and is listed numerically | for rolled steel | &g 
ts and I’shapes in Bethlehem Steel Company Booklet S-57. The term Cy is aX ¥ ia 
for rolledaluminum shapes in the “Alcoa Structural Handbook” where it &§ 
%, _ The torsion constant J may be approximated by x (1/3) b t3 for all shapes 
: made up of component rectangular parts. | - Tabulated values of J for rolled 
x steel WF and I beam shapes are listed in Bethlehem Steel Company Booklet q 


 ~8- -57 as “K” and are listed for aluminum alloy shapes as “J” in the “Alcoa _ 


mee stocky beams and girders, whereas, for deep and/or thin walled gird-— 


ers, the radical in Eq. 8c approaches unity as L/a decreases. | ala 
& a The term Cj depends primarily on the distribution of bending n moment and 
; i the end support and restraint conditions. Graphs and tables are provided in the — 
: a Guidefor its accurate determination—however, for the typical cases of — 
a. load applied to a shallow beam or uniform moment, it may be taken as unity. a 
Rolled wide-flange and I beam sections that are used as laterally unsupport- 
; \ ed beams usually have a depth of at least twice the flange breadth and a web 
7 _ thickness at least 2/3 the flange thickness. Using these as typical iain 
the following approximate formulas for section properties result: esult: 


Pig 0.954 flange thickn 

= ckness 


xo. 33 h = distance between 


for Ci = K=1, the foregoing substitutions are in Eq. 8, the follow- 
ing simplified formulas are obtained: 


iia 
4 
— 
— 
mt 
ae 
— 
— 
— 
4 
- 
x 
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DESIGN 


- Ineach of the foregoing, it is noted that two parameters, L/b and d/t, govern 
the result. In Eq. 10a, the part outside of the radical is similar in form to the 


beams, 


Since « equation gives a conservative the special case of 
uniform bending moment and simple end supports) the equation that gives the _ 


larger value of ve should r chosen, and the following approximate rule may : 


+ In the case of application to thin-walled construction, as covered by the AISI EN 
- Specifications (21), only Eq. 12 is applicable, and the foregoing substitutions © oa 


for Sx and ly lead to the following y modification of — 12: aad ea 


modification handling of doubly symmetric sections with non- 


4 


(10a) 
— 
— 
— 
4 of shallow and/or stocky beams the radical may be taken as equal to unity 
to provide a conservative estimate by the approximate formula: 
Rig 
Mh 
— 
Th 
— 


plication the ‘Specification design f formula of 


= 12,000 
L dad 


not st be that is unsymmetrical sections, channel sections 
It is with no intent to discredit. the important areas of application of thede > 
Vries (L d)/(b t) formula that the Guide defines other, less important areas of - 
esign, for which the (L d)/(b t) formula is not well suited. >: 
a oe The beam section unsymmetrical about y-y has been reviewed in n detail : in 
; +e another symposium paper by Clark and Hill (33). For the special case of the. 
a shaped flange, with the area of the compression flange greater than 
7 _ that of the tension flange, as is usual in this type of design problem, the Guide | 
presents an equation of the that | found | gooda agree- 


bans: 
In Eq. - 16, b and t refer to the compression flange only. ia 


ry) (7) 


Ac > At 
N is independent of the amount of tension flange area. 
Nevertheless, over the extreme range of sections that has beenused as a basis 
_ for the comparison of various formulas by Clark and Hill (33), Eq. 16 or 17 
; give results generally as good or better ‘Gan the more complex a _ 
~ generally conservative and reach as much a as s 35% on nthe low side as the ten- 
sion flange diminishes in the limit to zero area. 
_ ‘The parameters in Eq. 16 or 17 are similar to those of Eq. 10, mie doubly * 
# "symmetric sections. Approximately the same values are obtained when the 
second term under the radical in each of these equations is put equal to zero, 
neglecting the torsional rigidity, = 
i: The exceptional case, ,when the tension flange has more area than the com- 
pression flange, is covered in the Guide by a safe and — 


In the case of rolled steel I and shapes of reasonably long span, L/b 
he croator ¢ n +h jn thie range of ap- = 
&g 
i 
= 
3 A 3 


_ DESIGN CRITERIA 


In the case of s with variable flange area, 
will be intermittent lateral supports and the lateral buckling design 

_ checkwill refer to a segment in which constant cross - -section may be assumed. a 

. However, during construction and prior to introduction of lateral bracing, or in 

some other situation wherein no lateral support is provided, a reasonable esti- _ 

mate of girder strength may be made by means of the 


= 


ee 


j 


» > 


here is 

an empirical simplification of the results of W. 

istin in which an idealized loading was assumed of a type that would produce > 

2 at every cross-section the same maximum fiber stresses in the flanges. Thus, 

F _ the state of stress is comparable to that produced by constant moment ina | 
beam of constant cross-section. More infor a mation is neededon this 


by end reactions that | pass axis , they will twist 
as well as bend, except for the special case whereinthe loads are directed | nor - 
_ mal to the plane of the web so as to cause bending in the weakest plane. “— 
_ such loadings, other than the special case mentioned above, the design problem 
is one of stress due to combined bending and torsion. If, however, achannel ~ 
- is loadedand supported by resultant forces that pass through the shear center, na 
it will bend without twisting. If, further, the loads are parallel with the plane 
of the web, bending will be inthe same plane and lateral-torsional bucklingmay 
_ pose a design limitation if continuous lateral support is absent. i 
Hill (39) has shown that the use of formulas obtained for the I shaped section 
will provide an approximation for the channel that in no case errs by more than 
- 6%. However, the error is on the unsafe side, and it is recommended that for — 
rolled channel sections, loaded at points by relatively rigid and non- rotating 
- connections, as described | above, ‘Eq. 4 be used a asa ‘simple procedure in in de- e 
termining the allowable stress. Thus, no advantage would be taken of warping 
‘rigidity and the unsupported lengths of channels between load points of the type 4 
_ indicated may be safely designed by Eq. 4. The use of Eq. 4 requires the use — 
“of the torsion constant J, listed for rolledaluminum shapes in the Alcoa Struc- 
a tural Handbook or easily approximated for rolled steel channels by (1/3) b t3. 
~ _ Alternatively, if a more precise determination is desired, and the warping con- ‘4 
stant Cw known, wee of warping constraint may be included by use of oa 


ad Chapter 4 of the Guide concludes with a discussion of proper lateral sup- 
; port for beams. In the great majority of practical design situations, adequate - 
“support is provided and the whole problem of lateral buckling is thus a 
9, The Guide assesses the usefulness of the initial yield criteria as a basis — 
_ The term “beam-column” denotes a member subjected not only to axial _ 
Be Be also to moments resulting from transverse forces and/or from a od 


_ known eccentricity ¢ of the axial force i at one or or both er ends. . As’ the bending mo- — 


‘a 
— 
ml ls made in connection with BS 153 ae 
than similar proposais 
— 
od 
— 
4 
ae = 
— 
— 
= 4 
— 
— 
| 
— 
— 
q nas toward cmtrally loaded ‘th 
— e member te hes zero, 
ti ns land2. As the axial force approac 


y problem becomes that of : a on which, for the laterally unsupported case, 


involves the buckling and design problems that have been treated in Sections 5, ‘a 
= 13 A number of studies and reviews of the beam-column problem have — 
ponsored by CRC (40,41,42). Specifically for the present symposium as | well 
as for the Guide, summary r reports on this subject (43,44) have been prepared — 
e When torsion is not a problem, two simple approximate methods have been — 
\ developed for estimating the strength of beam-columns. _ The first method is 
based upon the concept that a lower bound to the collapse load is provided . 
- the load which produces a hypothetical initiation of yielding in the fibers sub- 
ks jected to maximum stress. This method is limited to members that fail by 
oe in the plane of the applied loads. _The second Serer is a use ines sod 


et strength of columns with small lateral loads or small intentional « eccen- 

tricities, it is necessary to assume that some unintentional “equivalent” ec- 

zs centricity exists, in order that the “initial yield” strength curve approach a 
3 proper limit for concentrically loaded columns. ‘The effects of all imperfec- ‘7 
_ tions such as initial crookedness, non- Reaenpeanty, residual stresses, etc., 
lumped into the equivalent initial eccentricity. Thus, prior to the recog- 

— nition of the importance of residual stress, the use of the “secant formula”for _ 
i! the eccentrically loaded column was a plausible and valuable device in the ex- 

_ planation of centrally loaded column behavior, and became the basis for the 
= current AREA and AASHO formulas for both central (concentric) and | eccentric 
_ % loads. In the former | case, ,a simple parabolic formula (within the range of L/r 
less than 120) provides a good approximation of the secant formulawith anim- — 

pe. first step in developing the initial yield criterion is the analysis of ae 
maximum stress due both to the applied bending moment and the deflection. 2 

In the stress analysis procedure, applied to design, the combination of loads - 
that will cause the maximum | combined stress to reach the yield point is di- 


a of the load resultant, and eo i is the equivalent eccentricity due defects, etc. 
Zz limiting average stress for design may be . obtained by replacing P by : 
n P, where n is the factor of safety, by setting fp, = fy, and by solving for P/AL 


— 
— 
— 
— 
— 
— 
— 
— 
an 
— 
The secant formula (Eq. 20) appli no 
cannot, by itself, furnish the basis for a comprehensive design procedure. he — 


incipient-yield-type procedure for the design of 


be: _ centrically loaded columns may be based upon the solution for unequal eccen- 
es _ tricities. This solution was given by D. H. Young (45) and is discussed fully 
- a by Timoshenko (46). An elaborate extension of this approach, including con- 4 
sideration of both eccentricity and curvature, with a variety of end loading and 
restraint conditions, has been developed by H. K. Stephenson (47,48). ‘Tables 
_and charts are included in great detail to minimize the inherent difficulties in ; 
application of the complex formulas that are involved. Session, CRC, 


G. Julian (49) in the Proceedings of the Fourth Technical Session, CRC 


outlines a procedure, using a convenient nomogram, by which the maximum ~ 
fiber stresses al at any a compressed member with end moments can es 
fe Proponents of the initial yieldcriterion point to the long record of succe 
ful application of the secant formula in specifications for the design of steel 
_— Failway and highway bridges: for the built-up boxtype compression chord, not | 
_ susceptible to torsional buckling, with unavoidable end eccentricities entering 
a= to lack of axiality of load or because of secondary stresses; andfor rea- _ 
an =a thin material that is likely to buckle at or near the yield point under ) 
od these conditions, the secant formula, made usable by means of charts or tables, r 
Nevertheless, in summary, four objections to the i ap- 
"proach to beam — be 


Is application 


i _ parameters, such as bending about the minor y- y axis with large eccentricities, “2 ¥ 
: ‘= design on the basis of initial yield may be grossly over-conservative. Rs = 
F ee (3) For the I-shaped column that is bent about the major (x-x) axis and later- 


dency may render the initial yield criterion significantly unconservative. 
_ (4) The effect of end restraint cannot be rationally introduced into the se- 
cant formula analysis since the | procedure is basedon the ; analysis of an unre- 


ae ally unsupported in the weak direction, the neglect of the lateral buckling ten- ss 


2 = come the first three of the foregoing objections to the initial yield procedure. — 
mt In the range of application where the initial yield approach is ee: the | 
formula will yield similar design results. 
The Guide evaluates the adequacy of the interaction formulas as 
strength of columns subjected to flexure and compressive 
axial load and constrained to bend without twist in the plane of the loads and — F 
centroidal axis can be expressedvery conveniently in terms of the ratios P/Py a 
and M/My where P is the thrust at failure, and Py is the comagee load for the 
column centrally loaded for buckling in the ‘unconstrained plane. ‘The term M 
is the actual maximum bending moment for no axial load. It is possible to write + 
empirical interaction formulas in terms of force or stress 
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acks generality as to material, since its use should be 
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_ For beam-columns the following simple straight line « equation is the b basis , ee 


In the elastic r range a ‘rougha) approximation of the n maximum st moment 


case » 21 


(0 - 

(50) has interaction formulas of this type in considerable 
, tail, and was an early proponent (51) of this approach to design. In Reference — 


Shanley reviews early developments in the aircraft design field 


contric ty, equal at both a 


ec ce 


design (22). 
‘large and the end eccentricity o or applied moment small but maximu a 
height, Eq. 25 may overestimate the carrying capacity of the column. This fact 
7 has been demonstrated by tests reported by Hill, Hartmann and Clark (52, 53), : 
: _ by Mason, Fisher and Winter (55), and is further discussed herein in connection tae. 


In the case of the laterally unsupported beam- column of I- -shaped sections © r 


=" - that the modified interaction formula, Eq. 26, is 8 quite satisfactory for both the x 


M 


term 
- cept that Py and Mul now reflect the possibility of weak plane buckling o or aa 
lateral-torsional buckling, be that Pe) is 


7 


— — 
— 
_— where Pg is the Euler elastic critical load in the plane of applied moment ad ss Sa 
Mo isthe initial maximum moment, not conside 
xh load interacting with the deflections. For this Be ee 
— 
az 
— 
— 
— 
& 


26 is conservative and shows good agreement with the test results 


gives results with greater scatter and overestimates the of slender 
, are for which the first term P/Py is significantly large in comparison — 
- with Mo/Myj. Campus and Massonnet (56) also found from their tests of long» 
: ‘steel columns that Eq. 26 agrees with test data better than Eq. 27 and that Eq. 
a 27 gives a high estimate of strength i in some cases. Consider now design rather — 
Bs - Interaction formulas are well suited for design | use. se. Such formulas shavea 
simple form, are convenient to use, and have a wide scope of application. By a 
_ their very nature interaction formulas lead to allowable stresses which vary oe 
gradually and continuously in a smooth transition from concentrically loaded : 
re mn In this report are considered the straight line interaction design is: eral : 
Eq. 28, used in the AISC Specification: 


M/S = maximum compressive stress caused by flexure, the 


" additional moment due to the axial load ee with the eee 


= allowable e: compressive bending : stress for member ¥ with no thrust; i 


= average compressive : stress * load; 


_ Interaction formulas for design are devised togive a a desired factor of safe- 
’ ty against some limiting condition which | may be either the initiation of yield- 
y or collapse. The nature of an interaction formula obviously depends — 
the expressions chosen for the allowable compressive and bending stress, ra 


. and Fp: _ The bending stress Fp is usually taken as the yield stress divided by _ 
the factor of safety, reduced, if necessary, if lateral torsional buckling is a 


_ consideration. The allowable axial compressive stress Fg may be considered - 
_ to be jensen. to n to give e meas r a proper factor of safety against collapse or against ae 
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; In discussing formulas that are essentially phan is the case for | ei- ws 
ther Eq. 28 or 29, it is understandable that some difference of opinion may | ar 
s - Both of these equations have found application in current design speci- ay { 
fications. Unquestionably, Eq. 29 is the more conservative, and it does take 

rough account of additional moments caused by deflection, whereas they are 


ignored in Eq. 28. pills at any given level of stress, the deflection produced | 


steel columns than it ‘would be for ‘aluminum alloy ‘columns. 
; at Eq. 28 is much simpler to use inactual design application than Eq. 29, much — - 
simpler, in fact, than a superficial evaluationof the arithmetic processes would Jaa 
¥ indicate. Each interaction formula represents an interpolation between identi- } 
cal extreme limits of behavior for the limiting case of beam or column and i 
the limit each yields identical design ¢ criteria | that ar are as v2 valid a as 8 they ca can nbe 


_ Inorder to provide further the Galambos - Ketter (57) 


ns “TABLE 1. FACTOR OF OF SAFETY WITH H RESPECT TO BEAM ‘COLUMN STRENGTH, 


1.82 
85 
1.86 1 


Existing practice in steel building design calls for factors of safety rang- 
ing from 1.65 to 1.90. The deviations from an assumed average of 1.80 in a 
_ Table 1 are not more than 8% for L/r up to and including 80. For L/r of 120 ion 
the maximum deviations of 15% on the unconservative side are reached. - Thus, a 
there is a rangefor which the simpler formula is adequate, but there is also a 
7 range where it is deficient. If the simpler formula is used in all cases, it must 
be on the basis of a conservatism in other design assumptions, such as, for ex- 
i ample, conditions of end restraint, making the “real” factor of safety greater 
a It should be emphasized that when the maximum moment is not at or near 
_ the center of the ‘Span, both Eqs. 28 and 29 are excessively conservative. The 
; 7 Guide presents existing recommendations of Horne (58) and Massonnet (56) to _ a 
take care of such situations. 
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Mm i is moment (at the Fao is the allowable | stress 


both axes. For such application the | the modified interaction formula becomes, aa 


(31) 


The straight line interactio formula for about both 


brig 


_ Interaction formulas are especially cases of bending 
q 


31 and 32 it 


-slenderness ratio, L/r2. Also, Fpl, which is the allowable compressive stress 
for bending, n may be determined from the lateral buckling: strength of the mem- a 
ber as a beam. Therefore, the value of Fp is a functionof the lengthand cross is 
- section dimensions | (such as (Ld)/(b t)) and may be much smaller than the a 
corresponding allowable stress due to bending if the beam is restrained against 
rs lateral and twisting failure. Hence, Fp2 is a constant usually equal to the yield Bi, 
- the c divided by the factor of safety. The parameters fe; and fe2 in Eq. 31 are 
the critical average stresses for elastic buckling about the major and minor Py 
_ The above interaction type formulas are suitable for the most severe load- _ 
ing, namely equal eccentricities at both ends in one or r both principal directions. 


_ symmetrically shaped moment diagram with the maximum | near - mid- -height. id 
_ However, for less severe cases, such as oblique eccentric loadings, the an 
of safety increases considerably. For greater economy and tomaintain a more _ 
uniform factor of safety, the modifications suggested by Massonnet or Horne — 

a may be used. That is, the bending stresses in the two Greer fp1 and fh2_ : 


is al 
g tricities are equal and opposite and the column is stocky. ry. The fo following con-_ 


tisfied ateach end: 


Fao ao “bl Fog 
where Fao is. for a concentrically loaded 
om = 0 and where fb1 and 1 fb2 are the maximum bending stresses: in the two | 
_ 11. The Guide recommends the application of the effective length concept vg 


in the design of the framed beam column. 


the maximum stress may occur ends, appropriate interaction | 
be satisfied in addition to the requirements of the appropri 
“a 
| 
My 
| 
q 
a e noted at Fa, which 1s the allowable Per 
pay 
— 
Ge 
— 
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‘but as parts of often with Int this case a really 
rational design p procedure should take account of the actual end restraints af - 
; wy forded by the contiguous members. One way to do this would be to increase | 2" a 
: 4 _ the actual loads by appropriate factors of safety and then to make an ultimate 
strength analysis to find the loads that produce the chosen limiting stress. In 

such an analysis it would be necessary to consider the effect of the axial load 
on the stiffness constants in any frame analysis and the effect of the axial load ak 
: on the deflections and moments in n individual members. Such a procedure would = 


“conservative than neglecting altogether the strength afforded end re- 


-method: The restrained column is replaced by an equivalent, hinged 
column whose length is equal to the effective length for concentric com- aed 
pression of the real, restrained column, and this equivalent column 
analyzed for compression plus that part of the total end moments which on 
7 et “They have also shown that in order to determine that part of the eanalee or 
joint moment which is resisted by | the column it is sufficiently accurate _ 
; = to use elementary moment distribution, ‘discounting the effect of axial — 
“This simplified procedure could result in the following: 
_ “(i) For rigid frames, determine the end moments of the column ol 
y 
st 


conventional moment analysis, without regard to change of effective _ : 


and for ultimate strength, a safe design results from the following. 


iffness caused by axial load. - Then dimension t the column for the nor- 


fie mal force and the moments so 0 obtained, but use kL instead of the real ‘i 
~ length L in determining the slenderness ratio. This method is applicable - 2 
 pegur@ens of | the provision specified for compression plus bending in a 


the particular. code (secant form ula, interaction formula, or any other 
rational device acceptable in the design specification). Be 

For real eccentricities, such as in truss members with joint 
ee icities, multi-story columns with offset axes, etc., which result — 


inend moments Me, obtain the effective eccentricities of all ani, 


= 


= 


bale . A conservative approximation, since it will result in an over estimate of the bend- = 


| 
| 
be quite laborious. For practical design the work of George Winter 
' a and associates at Cornell, done under joint CRC and Bureau of Public Road are. care 
— 
: 
= 
Column Research Council, and the following remarks are quoted 
— 
— 
4 
— 
— 
— 
— - 
= 
— 
. 
Se 


‘where is the effective eccentricity, Pp the axial compression force, 
and Kp the rigidity 1/L of compression member The sum 2K in- 

int. Then = 
dimension ‘the member for simultaneous action N= Pp and M= Pnen, | 


= kL for the of its slenderness 


: oe; Thus concludes a digest of eleven “highlights” of the forthcoming e edition of a 
a the Column Research Council “Guide.” -” It is anticipated that the subjects of a 
a Be plate girder webs and pony truss bridges will be added in a future second edition — 
of the Guide. Research in these areas has been reported upon . at this symposi- a 
um. Undoubtedly, improvements also will be made in the material that is now 
about to be published. There are still areas to be clarifiedand more research | 


_ needed as the engineer proceeds” further toward the | paradoxically difficult © 
goal of achieving design criteria that combine with 


APPENDIX I.—NOTATION 


= area of cross” ‘Section; 


_ = torsion-bending constant for I-section; 


width of plate; 


listance; 

depth of 

= dept section; 


= tangent modulus; be 


= equivalent eccentricity due to imperfections ; is a 


permissible column stress under ce: entral load; 
= normal | stress due to bending; 


ag 
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= maximum normal stres 


= elastic shear modulus ; 
= moment of inertia yy, axes, 
= 


— 
— 
iia 
— 
— 
— ——— 


effective for column; 


= kips per equare inch; 


& 
bending 


ee ee about x, y, or z axes, respectively 


= resultant ‘force, positive if compression; 


= Euler (elastic) column load; 
column collapse load, centrally loaded; 


pounds per inch; 


section 
t = thickness ; or thickness of a plate; 


coordinate : axes distances; 


elastic buckling stress for a beam; 


maximum residual stress in compression; 

ae yield strength (aluminum) or (yield level) steel, as deter- 
mined by elastic range offset; 

= = ASTM specification ‘yield point tension; 


= critical shear stress. 
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— 
= — 
— 
— 
re 
=normal stress; 
—— - 
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SYNOPSIS 


Charts fe for thep analysis of continuous gable: frames are present-— 


“ea The study is | restricted to two, , three, and four equal - ~Span frames of con- 4 


assumed. Then the frame can be analyzed and redesigned trials, 


To facilitate the selection of member sizes and to accelerate this process ; 


of successive approximations, * algebraic formulas, based on the principle of 


Castic have been for single-span_ gable frames by A. 
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_ of deformation have been derived by 


saw 


4 arameters a and B (Fig. 1). 
All deformations are assumed to elastic. The deformations due to nor-— 
mal forces and shearing forces are neglected, The sign convention of the slope- — 


sumed to be hinged and all dimensions are c expressed in terms of the ‘Span and o 


deflection method is introduced. The positive reactive ‘moments and angular 
_ rotations are clockwise. The positive reactive forces are to the right and up-_ 
ward. The positive linear displacements are tothe left. | 
as we The | slope- deflection equations used in this study were formulated by A. 
Vasquez Penal! and F. Hedges. 12 The standard nomenclature is used through-_ 
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= of load; and 


mi. 3 “Rigid Frame Formulas, ” by A. Kleinlogel, 1st. American, Edition, New York, 
4 “Statik Im Stahlbetonbau,” by K. Beyer, 2nd Edition, Berlin, 581- 
oy 5 “Praktische Statik,” by R. Saliger, 6th Edition, Wien, 1949, pp. 410-412. i sh) Dees 
“statika Stavebnich Konstrukci,” by Z . Bazant, F, ‘Kilokner and K, ‘Hruban, Edi- 
ee of Rigid Frames,” by A. An or Man, Washington, 1942, pp. 146-233. ae 
‘all 
9 “Steel Rigid by M. P. Ann Arbor, Mich., 1953, pp. 27-49. 
es. 10 “Mehrstielige Rahmen,” by A. Kleinlogel, Vol. Il, 6th Edition, , New York, 1948, 7 
11 “4 Method of Analysis of Structures with Symmetrical Members, > by A, Vasquez 
Pena, M.S. Report, Oklahoma State Univ. Library, Stillwater, Okla., 1955, 
“Moment Distribution in Frames with Bent F. . Hedges, M. S. Re- 


— 
— 
rin. (itl 
three, and four equal-span frames of constant cross section subjected to 
— 
— 
4 
Out Lhe pa ne me Ol Special Sy 5c ne ve they OC- vat 
== Horizontal thrust at i on member ij; 
: 
- 
on 
| 
4 


CONTINUOUS GABLE FRAMES 


4 
# 
FIG, ree —CONTINUOUS GABLE 


2.- TY PICAL JOINT 


| 
4 
iar 


‘ 


“az Aix 


E 
‘These equations may be in terms of a, 


| 


* 


pe 
eo 
ations fora s (Fig. 2) as: 
pe 
— 
4 d 
| > 


ic 


. 


TABLE 
al joint Eqs. 3 and 4 have been expressed in terms of Eqs. 1b and 2b for 
all joints of the two, three, and four span gable frames shown in Fig. 1 if The 
results were recorded in three matrixtables eachcorresponding to one 
in the formation of these matrices, the reoccurrence of certain groups of 
_ terms was noted, This phenomena is due to the nature of the frame nad the 
mi _ The solution of these matrices in terms of 
i ; 0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0 
0.1, 0.2, 0.3, 0.4, 0.5 
is s accomplished by means of the IBM 650 digital computer. The computer pro- 


thi equivalents obtained trom the IBM 650 output have 
esd for the calculation of moment coefficients Q’s. The results are recorded 
graphically (Charts A-20, A-21, A-30 through A-33, and A-40 through A- 44), 
The charts can be utilixed very efficiently if 6 has a value that is charted, 


Quite accurate results: ‘canbe obtained by linear rye from the . charts. : 


Three nume are introduced to illustrate 
All values are given in feet, kips, or kip-feet. 
1.~—A two-equal-span gable frame (Fig. 3) is analyzed by means of 
| Charts A-20 and A- a1 and the results are aoe with those obtained! by 
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Example 3.—A four-equal-span gable frame (Fig. 5) is analyzed by means 
f Charts A-40 | through A-44, and the results are compared with those of J 
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SUMMARY 
- it has been the purpose of this paper to present charts which will ow: 
el nd moments for continuous gable frames of constant cross section loaded by ; 
(2) The limits of the parameters a 1 and By were chosen to include all com- 
binations of span length, column in length, _ and gable height that are Gauge to be 
(3) The use of these charts is illustrated (Examples 1 2 3), ‘and the results — 
indicate that they can be utilized effectively for the 


(4) Similar for other load conditions, variations of cross. 
sections are being prepared and will be published elsewhere. meres: oz 
(5) For analysis the procedure developed by Tuma, et 
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